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The relationship between hominids in the middle and late Pleistocene has been a heated subject
of debate since Neanderthals were first recognized. Neanderthals are either a distinctly separate
species from Homo sapiens that were replaced by Homo sapiens without any genetic interaction,
which supports the taxonomical title for Neanderthals as Homo neanderthalensis, or there was at
least a minimal genetic interaction between contemporaneous Neanderthals and early humans,
designating Neanderthals as a subspecies with a taxonomic title of Homo sapiens
neanderthalensis. The purpose of this research was to further explore this issue by conducting a
quantitative analysis on several aspects of morphological variation evident in crania of
Neanderthals and Homo sapiens. Cranial landmarks were digitized on the cranial vault (cranial
vault analysis) and midfacial area (alpha triangulation analysis) of the specimens. Digitizing
cranial landmarks preserves the information inherent in those landmarks relative to other
landmarks in three dimensions. The data was fitted using generalized procrustes analysis, a
geometric morphometric technique that is a statistically powerful mathematical superimposition
method that essentially eliminates size as a variable, while preserving the variables present in
shapes. This method breaks down complexities inherent in three dimensional data and allows the
landmark data collected by the digitizer to be compatible with statistical analyses. The fitted data
was then analyzed using multivariate statistical methods that included principal component
analysis and canonical variates analysis. The results of the cranial vault analysis distinguished
Neanderthals from both modern humans as well as early modern humans. The alpha
triangulation analysis produced relatively ambiguous results. In the discriminant analysis of the
cranial vault data set, several individual specimens were misclassified into the Neanderthal group
through resubstitution and cross-validation using linear discriminant functions. It is clear that
these individual specimens have a unique morphology compared to their associated groups, and
that they are closer in morphology to Neanderthals than their associated group means. The
morphological degree of variation cannot conclusively define the taxonomic position of
Neanderthals because morphologically based research is limited to explaining the differences
and similarities inherent in forms, but cannot accurately define a species.
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I. INTRODUCTION

The genetic relationship between Neanderthals and modern humans is unknown, and
therefore problematic for the theories that explain recent hominid evolution. Advancements in
DNA research have contributed to this debate, but have not resolved the issue. The relationship
between hominids in the middle and late Pleistocene has been a heated subject of debate since
Neanderthals were first recognized. The enigma of the Neanderthals captivates scientists trying
to establish theories of hominid evolution. The robust crania, classic of Neanderthals, appear to
be explicitly different than those of their Homo sapiens counterparts during the same era, and yet
there are similarities that should not be ignored. The physical anthropology community is
distinctly torn between two major concepts. One portion believes Neanderthals are a distinctly
separate species from Homo sapiens, and that they died out or were replaced by Homo sapiens
without any genetic interaction. This group tends to designate Neanderthals as a separate species
with the taxonomic title being Homo neanderthalensis. The other theorists suggest at least a
minimal genetic interaction between the two, and supply various ideas as to the extent of this
relationship. These theories consider the possibility of gene flow between Neanderthals and early
modern humans, and conclude that Neanderthals should not be considered a separate species, but
rather a subspecies with the taxonomic name being Homo sapiens neanderthalensis.
The subject of Neanderthals has been heavily studied and debated. Each new fossil
contributes new evidence, but does not necessarily appease the debate. The Neanderthal debate is
inherently difficult to resolve due to the nature of morphological variation in crania, and the
vague genetic insinuations that can be connected to such features. Genetic research has been
conducted in lieu of the fossil research, but there are still many discrepancies revolving around
the assumptions used in the genetic research that cannot fully validate the results. The apparent
holes evident in both fossil evidence and DNA are continually reduced with advances in
technology and the discovery of new fossil evidence.
Analysis of hominid crania has traditionally revolved around qualitative analysis through
visual evaluation of the morphology and quantitative analysis through traditional craniometrics.
Morphometric analyses were traditionally carried out through the analysis of two-dimensional
cranial measurements. Digital data and three-dimensional geometric morphometric techniques
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are a crucial advancement in quantitative cranial data collection and analysis (e.g. Harvati, 2001,
2003a, 2003b; Manzi et al., 2000; Yaroch, 1996). Coordinates taken from cranial landmarks are
collected in three-dimensional format (Cartesian coordinates), which incorporates more
information, making the data more statistically powerful than traditional craniometrics
(McKeown & Jantz, 2005; Slice, 2005).
The ongoing debate over whether Neanderthals of Europe are contributors to the genetic
makeup of Paleolithic and modern European populations is the basis for this research. Previous
studies concerning the relationship between Neanderthals and Homo sapiens have ranged widely
in both technique and theory. The techniques have evolved from pure qualitative comparisons, to
two dimensional techniques such as thin-plate spline (Yaroch, 1996) and craniometrical
comparisons, to new advancements with three-dimensional geometric morphometrics (Havarti,
2001, 2003a, 2003b; Manzi et al. 2000). These techniques have been used on several
morphological variables as well as a wide range of population samples. The results have been
interpreted to represent two main theories of human evolution: the Out of Africa hypothesis, and
the Multi-Regional Hypothesis. The Multiregional hypothesis assumes that the emergence of
modern humans occurred around the same time from established populations throughout many
regions of the world. The Out of Africa hypothesis, which is currently more accepted, assumes
that modern humans originated in Africa and later spread throughout the rest of the world. The
majority of the data produced is interpreted in either support or rejection of these main theories,
but a few researchers have found a middle ground. The underlying problem that prevents an
overall theoretical synthesis is inherent in the limited sample size of past hominid populations ,
the disagreement over defining traits for species separation, and the proposed ‘extinction’ or
‘decline’ of Neanderthal traits in fossil evidence over time (Tattersall et al., 1988).
The degree of morphological variation inherent between Neanderthals and Homo sapiens
does not seem to be significant enough to warrant classifying Neanderthals as a separate species,
as much of the variation present in these fossil hominids are present (even if rare), within Homo
sapiens. Defining a species is inherently difficult especially with the limited information in the
fossil record. It is theoretically possible that Neanderthals were an integral part of the population,
however limited that interaction may have been. It is not necessarily valid to eliminate
Neanderthals from the reproductive potential of the earlier Homo sapiens populations due to
their morphological distinctiveness alone. The transition to modern humans during the middle
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and upper Paleolithic spanned over 200,000 years, and the samples that represent this time are
limited (Tattersall,1988; Wolpoff, 1999). Each sample is unique, and unfortunately, there is a
tendency to lump tens of thousands of years of unique and variable Neanderthal specimens into
one category, while emphasizing the slight variations inherent in their morphology that differ
from ‘Homo sapiens’ as being exclusive to Neanderthals.
The question remains whether Neanderthal morphology is compatible with that of Homo
sapiens. In a previous geometric morphometric study using the thin-plate spline technique,
Yaroch (1996) found that many of the features used to designate and separate Neanderthals from
modern humans are not actually unique to Neanderthals. There is a large variety of morphology
present between modern human populations, as has been analyzed qualitatively and
quantitatively. Certain populations have higher frequencies of certain traits, and some traits
appear to be exclusive to certain geographic areas. Since so much variation exists in modern
Homo sapiens, is it possible that Neanderthals exhibit a degree of variation that is within the
range of modern human populations? The purpose of this research is to further explore this
question through the inclusion of a variety of population samples.
Neanderthal fossil evidence has been discovered throughout Europe and the Middle East.
One may assume that if a modern Homo sapiens population was related to Neanderthals in any
way, that it would be likely that the population would be in relative geographical proximity to
the known locations of Neanderthals. Based on this assumption, populations from Europe made
up the bulk of the samples chosen for this study. The relatively modern European Homo sapiens
populations consisted of population samples from central Europe, northern Europe and eastern
Europe. A variety of populations within these arbitrary geographic areas were chosen in order to
show the statistical relationships within and between these areas. Cranial samples from
aboriginal Australian populations were also used in one of the analyses in order to explore an
additional variation that would have a higher likelihood of Neanderthal affinity due to the
generally robust morphology of this sample group.
The data for the analyses was collected using a digitizer. This enabled the chosen
landmarks of the crania to be preserved in three-dimensions, relative to one another. Eighty four
landmarks (data points on the cranium) were optimally collected for each cranium, but due to
issues with the subsequent statistical analyses concerning missing data two data subsets (the
cranial vault analysis and the alpha triangulation analysis) were formed for statistical analysis.
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The cranial vault analysis includes five landmarks that exist in the sagittal plane on the cranial
vault: nasion, glabella, supraglabella, bregma and lambda. These landmarks represent a classic
area of differential Neanderthal morphology, and may shed light on such aspects as their low
sloping foreheads and large brow ridges. This analysis will concentrate on the cranial profile
along the sagittal plane, starting at the root of the nose (nasion), and continuing in a posterior
direction along the cranial vault to the confluence of the parietal bones and occipital bones at the
back of the crania (lambda). Aspects of this profile have been attributed to Neanderthals,
including large supraorbital tori, sunken nasal roots, and receding cranial vaults. In contrast to
the cranial vault area of the skull that classically separates Neanderthals; another area of the
cranium was chosen for analysis. The alpha triangulation analysis is comprised of three
landmarks chosen from the midfacial area of the cranium; a landmark at the inferior intersection
of the nasal bones and the maxilla (nasal inferious), the superior border of the
zygomaticomaxillary suture (zygoorbitale) and the midpoint between the two landmarks (alpha).
Modern Homo sapiens have a very obvious character on the superior portion of the maxilla. This
area of the maxilla in Homo sapiens is thinner and is more sunken in appearance then that of the
same area on Neanderthal maxilla, where the area is more swollen and flat in appearance. This
area is not as classically studied, but there are visible morphological differences present, which
likely relate to the robust anterior dentition classic to Neanderthals.
The area of the crania that one chooses to analyze is crucial to the interpretation of such
an analysis, and may illegitimately fulfill the goals of ones own bias. There are multiple features
that are considered to be classic Neanderthal characteristics, but they range within Neanderthals,
and may exist in low frequencies in Homo sapiens as well. However, the commonality of such
traits and their extreme forms that are evident in Neanderthal cranial morphology designates the
traits as ‘classic Neanderthal characteristics’.
The data collected in each of the analyses were processed using a geometric
morphometric technique and then run through a series of multivariate statistical analyses.
Generalized procrustes analysis (GPA), a geometric morphometric technique, was employed in
order to better understand the variation of shape without the distraction of size as a dominant
variable. Once the data was processed using GPA, they were run through SAS 9.1.2 (2004), a
statistical software program. A series of multivariate statistics were employed, including
principal components analysis and canonical variates analysis. The purpose of these statistical
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analyses was to determine the significance of the morphological variation present within and
among the samples, and to see whether the samples could be differentiated from one another
statistically. These statistical methods are intended to parallel the underlying morphology and
create statistical information that may be related to the interpretation of the morphological
relationship between the specimens.
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II. REVIEW OF LITERATURE

The relationship between Neanderthals and Homo sapiens has been documented and
vigorously discussed throughout the twentieth century. The first identified Neanderthal cranium
was discovered in a cave in the Neander Valley in Germany in 1856 (Trinkaus, 1986). The
original Neanderthal cranium was recognized by scientists at the time of discovery as having
human like qualities as well as distinct differences. Over the following century, a small sample
of Neanderthal fossil remains were discovered and identified throughout Europe, Africa and
Asia. As the fossils accumulated, the debate over the relationship between Neanderthals and
Homo sapiens accelerated. The species concept was at the root of this debate, as it was unclear
whether Neanderthals were the same species as Homo sapiens. Morphological assessments,
traditional craniometrics and dental analyses account for the many cranial analyses at the
foundation of this debate. In more recent years, three dimensional geometric morphometric
analyses (Harvati, 2001; Manzi et al., 2000; Yaroch, 1996) and advanced DNA analyses
(Adcock et al., 2001; Cann, 1988; Xiong et al., 1991) have further contributed to this issue.

Species Issues
The definition of species is at the root of the Neanderthal debate, addressing the issue of
whether or not Neanderthals are considered the same species as modern humans. Neanderthals
are considered to be either a subspecies of humans, with the scientific designation Homo sapiens
neanderthalensis, or a separate species than humans, scientifically referred to as Homo
neanderthalensis (Harvati, 2003b; Tattersall, 1988). Each of these designations implies different
things about how Neanderthals are perceived.
Species are the most critical taxonomic element (Reitz, 1999), and the species concept is
essential to the Neanderthal issue. There are three main components involved in defining a
species. Organisms within a species are morphologically similar, produce fertile offspring and
are reproductively isolated (Mayr, 1963, 1970, 1976; Reitz, 1999). The morphological difference
between species does not necessarily parallel the genetic distance. Some organisms may appear
to be very different, but are genetically similar, while other organisms may appear very similar,
but are genetically distant (Mayr, 1963). In an evolutionary perspective, organisms may be
considered the same species when they have a common ancestor until the organisms genetically
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diverge to the point of reproductive differences that allocate them to different species (Mayr,
1963; Tattersall, 1988). The species concept is interesting in the perspective of time, as species
may stay isolated, or they may spread to a point of isolating subgroups to the degree of forming
different groups that become reproductively incompatible over time. Species may also change
slowly over time, creating descendant species that may differ from the ancestral species if
compared to one another (Harvati, 2003a; Mayr, 1963; Tattersall, 1988). Population size is also a
critical element to a species, as it strongly correlates with the species survival. Small populations
in small, isolated areas tend to have a higher rate of extinction than populations with a greater
geographical boundary and larger gene pool (Mayr, 1976). Successful species tend to inhabit a
large geographical area and are genetically diverse (Mayr, 1976), and in a paleontological
perspective, the evidence recovered for evolutionary species may be sparse.
The morphological species concept previously dominated animal taxonomy, and though
it is less supported today, there are still many scientists that follow its general principal that
morphological distinction separates species. The problem with the morphological species
concept is that differential morphology is essentially the byproduct of genetic discontinuity from
reproductive isolation (Mayr, 1963). Morphology does not always shed light on the reproductive
potential of different groups, because as seen in modern animal populations, intraspecific
variation and sibling species negate separation based on morphology alone. Intraspecific
variation demonstrates the variation evident within a species, showing how morphological
differences do not always correlate with reproductive capabilities. Sibling species are species
that may be morphologically similar or identical, but are incapable of reproducing (Mayr, 1963).
The morphological species concept appears quite often in the evaluation of Hominids in the
Pleistocene because morphology is the only aspect of the fossil Hominids that can be extensively
studied. Assumptions made from morphology alone are subject to the same discretion as
assumptions made about modern animals on morphology alone, and this demonstrates the
vulnerability of morphologically based assumptions, especially for a fossil sample that is derived
from such a broad geographical area over a long period of time.
The biological species concept is virtually universally applicable as a species concept.
There are three main elements to the biological species concept in defining a species. According
to this concept, a species is a reproductive community, an ecological unit and a genetic unit
(Mayr, 1970). Species are natural populations capable of interbreeding, and are incapable of
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reproducing with other species. The biological species concept is primarily significant in the
context of sympatric populations, which exist in a single location, and synchronic populations,
which exist at one point in time (Mayr, 1970) According to Mayr (1970), “the more distant two
populations are in space and time, the more difficult it becomes to test their species status in
relation to each other, but also the more irrelevant biologically this becomes” (p. 13).
The phylogenetic species concept retains an evolutionary perspective, but also dilutes the
importance of breeding potential in a species. Cracraft (1983) defines a species as “the smallest
diagnosable cluster of individual organisms within which there is a parental pattern of ancestry
and descent” (p. 170). This species concept equates diagnosable taxonomic units to evolutionary
units, while disregarding the details that separate subspecies from species (Cracraft, 1983).
The species debate is difficult to synthesize due to the abstractness of the available
evidence. With an inherent bias to either synthesize or differentiate, there is a tendency to choose
characteristics that evidently support this bias. Morphology alone can not accurately define a
species, as morphology is relative to other aspects of an organism or a population. Morphological
boundaries are not always clear, and many similar species may share similar morphological
traits. The evolutionary trend for hominids is that the environmental and behavioral mechanisms
both effect the evolution of the hominid lineage (Mayr, 1970), and in turn effect the morphology
of each species within the lineage. A true species can only exist at a certain point in time
(Harvati, 2003a; Mayr, 1963; Tattersall, 1988).

Neanderthal Characteristics
The morphology assumed to be distinct to Neanderthals is not necessarily so when each
trait is individually examined. Some Neanderthal characteristics have been based on
misconceptions and biases and some of the features once thought to be diagnostically
Neanderthal are found at a low frequency in some human populations. However, some
Neanderthal characteristics do appear to be specialized and unique to Neanderthals. Generally,
Neanderthals have short parietal arches, accompanied by a long and low cranial vault.
Neanderthals tend to have large nasal openings, large dentition, large facial areas and a large
supraorbital torus. These traits all resemble the more primitive features present in the species.
The more advanced feautures that Neanderthals share with modern Homo sapiens include a
larger brain, reduced prognathism, reduced lateral aspects of the supra orbital torus, and a
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rounder occipital bun. According to Tattersall (1988), the traits unique to Neanderthals are the
posterior maximum breadth of the cranium, the spherical shape of the posterior cranium, a
suprainiac fossa, inflated cheek bones, and a significant retromolar space that coincides with the
anterior projection of the dentition. Tattersall claims that these traits are found in some but not
necessarily all of the Neanderthal fossils, and are rarely present in Homo sapiens (Tattersall,
1988).
The traits distinct to Neanderthals were likely associated with selective pressures that
maintained their robust form. Neanderthals extensively used their dentition, and likely for
purposes besides eating, which would account for the excessive wear and interesting wear
patterns found in the dentition of several Neanderthal specimens. Neanderthal crania are
distinctly prognathic in the midfacial area, and this anterior projection may be related to
mastication. Trinkaus (1989b) suggests that the midfacial prognathism is a result of the muscles
of mastication migrating to a more posterior position, which parallels the reduction in the size of
the posterior dentition, while the anterior dentition remained the same size. Trinkaus (1986) also
proposed that the shift from long and low crania typical of Neanderthals to the higher cranial
vaults with small occipital buns that represent anatomically modern humans, is indicative of a
faster rate of early brain growth among moderns that likely coincided with increased social
complexity and could have been triggered by different social and environmental stimulation.
According to Roger Lewin, “Neanderthal anatomy represents a mixture of primitive
characters, derived characters that are shared with other hominines, and derived characters that
are unique to Neanderthals” (Lewin 1998, p.366-67). Lewin’s diagnostic list of morphological
variability separated Neanderthal features into shared derived, shared unique, and primitive
characteristics. The ‘primitive features’ included a well developed supraorbital torus, and large
face with a broad nasal opening, while the lateral reduction of the brow ridge and reduced
occipital torus were shared, derived features (Lewin 1998). In contrast to Lewin’s distinct
labeling, Lucia Yaroch’s (1996) study using the thin plate spline analysis on Neanderthal crania
concluded that Neanderthals should not be classified as a different species due to their
morphological traits. Yaroch warns, “There is a tendency to overstate the case for Neanderthal
autopomorphies; special care should be taken to examine variation in both the Neanderthals and
other Hominid groups before attributing unique features to the Neanderthals (Yaroch, 1996, p.
85).
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Neanderthal Theorists & Researchers
Contemporary researchers and theorists generally support one of two main theories
behind the Neanderthal debate; the Out of Africa hypothesis (a replacement model) and
Multiregional hypothesis. The Out of Africa hypothesis is a replacement model that considers
Neanderthals to be a separate species from Homo sapiens, and that Neanderthals had little or no
genetic contribution to modern humans (Harvati, 2003b; Stringer, 1990). The Multiregional
hypothesis supports Neanderthals as being at least partial ancestors of modern Europeans and
earlier human specimens in the same geographic area (Wolpoff et al., 1994). Some of the main
supporters of the Out of Africa hypothesis are Tattersall and Stringer. The main supporters of the
Multiregional evolution hypothesis are Wolpoff, Smith and Brace. Scientists that deal with this
area of evolution generally have an opinion about these hypotheses, and some scientists have
developed their own synthesis of the two main theories. The two extreme models of evolution
are not necessarily exclusive; it is possible to combine them and establish a middle ground in
order to rationalize the evidence from both sides.
The main theories concerning the relationship between hominids in the Upper Paleolithic
to Neolithic are broad and subject to interpretation. The diverse interpretations of these theories
leave open questions that must be analyzed with each interpretation. As the most popular grande
theories, supporters of both the Out of Africa and the Muliregionalist theories have internal and
external debates over the role and impact of Neanderthals on Modern Homo sapiens. Both
theories allow for different levels of interpreting ‘genetic’ exchanges between hominids of that
time. Various degrees of genetic influence of Neanderthals on Homo sapiens have been adopted
under multiple grande theories. The grande theory behind each explanation of human evolution
has a substantial influence on the bias of the explanation. The real question behind the
Neanderthal debate revolves around the specific genetic Hominid relationship that would have
directly influenced the genetics of ancestral European populations. In this circumstance,
‘genetics’ refers to the influence of genotypic inheritance on phenotypic variation that is
represented in cranial morphology.
Controversies naturally persist in the Neanderthal debate due to the nature of fossil
remains. Holistic studies of the fossil remains, their surrounding environment and overall context
with compilations of the most statistically sound data would be the closest thing to properly
synthesizing the discrepancies surrounding this debate. The current holistic approaches are
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mostly synthesized data collections of the past, and are directly constructed around the author’s
theoretical bias (as seen in texts by Wolpoff, Brace, Tattersall, etc.).

Out of Africa Theorists
Christopher Stringer, a supporter of the Out of Africa hypothesis, believes that a
homogenous Homo sapiens population originated in Africa and then spread throughout the rest
of the world. In accordance with this theory, the ‘racial’ characteristics evident in modern human
populations accumulated after the homogenous Homo sapiens population originally spread from
Africa. This is unlike the Multiregional model, which suggests that the variation present in
modern humans preceded the traits that define modern Homo sapiens. The evidence that compels
Stringer the most is rooted in the fact that Neanderthals and Homo sapiens existed in the same
geographic areas over a long period of time, while maintaining distinct morphological
characteristics. Stringer emphasizes that if two populations can live in the same area and appear
to be so distinct for so long, then it is likely that they were biologically separated (Stringer, 1990,
1998).
Stringer claims that the evidence supporting Neanderthals as a separate species from
Homo sapiens is apparent in the derived morphology of Neanderthals. According to Stringer
(1998), the unique aspects of Neanderthal temporal bones, including the shape of the inner ear,
are distinct from Homo sapiens. Another unique derived characteristic found in some
Neanderthals is the shape of the nasal rim and nasal conchae. It has been speculated that this
unique morphology is an adaptation to the cold environment present in the glacial environment
of the time. Stringer speculated that some of these derived traits likely started in low frequency,
but eventually increased to the degree of continuity within the Neanderthal species by the phase
of the ‘classic Neanderthal’. Stringer suggests that though Neanderthals may be similar to Homo
sapiens in many ways, there should be a minimum number of morphological similarities that
must be confirmed prior to any fossils acceptance as part of the Homo sapiens species, and that
Neanderthals do not have enough similar morphological traits to qualify. Stringer rationalizes the
early Homo sapiens, which may not present as many complimentary traits as required either, as
still being within the range of Homo sapiens based on their cladistic lineage. Time is a difficult
factor to handle in this scenario due to the accumulation of morphological differences evident
over time, but Stringer deals with this issue by noting that Neanderthals lived in the same area as
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these early Homo sapiens while maintaining their own unique derived traits, so they should be
taxonomically separated from the Homo sapiens clade. The differences that Stringer documents
in Neanderthal morphology coincide with his views on Homo sapiens evolution, supporting the
Out of Africa model (Stringer, 1990, 1998).
Ian Tattersall is considered to be a supporter of the Out of Africa hypothesis. Tattersall
proclaims that Neanderthals in Europe exhibit unique characteristics that are rarely, if ever
evident in anatomically modern humans. The lack of intermediate fossils between the
Neanderthal and early Homo sapiens cranial morphology, also complies with the rift between
these two ‘species’. Tattersall represents a theoretical basis that concentrates on the differences
between closely related species. Tattersall classifies Neanderthals as Homo neanderthalensis,
designating them as a separate species. Tattersall’s reasoning behind this designation is based on
the argument that if samples appear different enough that they are placed in separate categories;
there should then be as many species as categories. Tattersall emphasizes the uniqueness of
Homo sapiens, claiming that our species is one of the most distinct species on earth. Tattersall
suggests that including every ‘large-brained hominid’ (e.g. Neanderthals) within the boundaries
of our species is essentially an insult to our species. Tattersall suggests that the bias associated
with the study of Hominids is generally based on the way physical anthropology, as a science,
was formed. According to Tattersall, physical anthropology is a product of human anatomy, in
comparison to the similar study of vertebrate paleontology, which is a product of comparative
anatomy and geology. These differences are foundational to many of the biases evident since the
birth of physical anthropology. In this perspective, human evolution overlooks the diversity
(among species) in the fossil evidence while it concentrates on the variation (within species).
This bias stems from a human anatomy perspective, and creates an awareness of the extensive
variation inherent within our species (within and among populations) (Tattersall, 1995;
Tattersall, 1988).

Multiregional Evolution & Regional Continuity
Multiregional Evolution holds the point of view that Neanderthals were likely ancestral to
modern humans, even if their contribution was minimal. According to Wolpoff et al. (1994), the
main elements of Multiregional Evolution are long-term geographic variation, common
evolutionary trends throughout the world and significant genetic exchange between geographic
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regions. This theory emphasizes the balance between local genetic continuity and regional
genetic exchange. Multiregional Evolution also agrees with an African origin, but the process of
evolution and genetic interactions differ from the Out of Africa theory. Multiregionalism
emphasizes waves of human migrations from Africa, and subsequent cultural and genetic waves
that were not necessarily physical migrations. Many waves of people, cultures and genes also
occurred within and between geographic regions. Regional variation was evolutionarily
maintained through natural selection and patterns of genetic exchange, both of which were
greatly impacted by geography. This theory accounts for the range of variation evident in
modern humans, as well as the possibility that Neanderthals ancestrally contributed to human
populations in Europe (Wolpoff et al., 1994).
In contrast to Tattersall’s speciation, Wolpoff supports an inclusive Hominid lineage.
Wolpoff’s interpretation of multiregional evolution sates that “humans are a single widespread
polytypic species, with multiple, constantly evolving, interlinked populations” (Wolpoff 1999,
p.543). Wolpoff bases the multiregional evolution theory on the evolution of humans on the
axiom that humans originated in Africa roughly 2 million years ago, and spread throughout the
rest of the world as a single polytypic species. Wolpoff emphasizes that regional variation is due
to the reproductive limitations that occurred in small populations as humans slowly migrated out
of Africa and into areas in Europe and Asia. The variations that were sustained and emphasized
by this process were fortified through geographic and cultural boundaries, which contributed to
further reproductive isolation. The accumulation of variation may also be attributed to population
specific environmental influences and adaptation. Though many of the expanded Hominid
colonies appear to have been isolated to a degree, they were not completely isolated from each
other. Rather, the populations were ‘interconnected networks’ that allowed ‘genic exchanges’.
According to Wolpoff, features that are considered modern came about sporadically in different
places and at different times. These modern features were generally advantageous, and though
they may have developed independently, they quickly spread throughout populations (Wolpoff
1999)
Fred Smith, a supporter of Multiregional Evolution, refutes the replacement model of the
Out of Africa theory as an inadequate explanation that ignores a large body of morphological
evidence (Smith et al., 1989). The premise of Smith’s support for Multiregionalism is in the open
ended questions revolving around the Neanderthal debate that are not clearly answered by other
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popular theories. Regional genetic continuity and some level of gene flow were factors in the
emergence of modern humans in Europe, and the degree of these factors is heavily debated,
though Smith finds that the best explanation is through some level of gene flow between
Neanderthals and early modern humans in Europe. Smith explains that the morphological
similarities and differences between modern Europeans and Neanderthals as an early
assimilation of Neanderthals into early Homo sapiens populations in Europe, which in turn
introduced elements of Neanderthal morphology to these early populations. Smith believes the
fossil evidence demonstrates that there must have been a significant amount of genetic exchange
between early modern humans and Neanderthals in Europe due to the similar morphological
components evident in these populations. These morphological components are anatomical
rather than critical aspects of form, as observed in Neanderthals that exhibit certain
morphological traits that are close to that in modern humans. One such example of an
anatomically neutral trait that is not subject to the pressure of natural selection is the mandibular
foramen. The horizontal-oval form of the mandibular foramen is found in over half of the
Neanderthal fossil mandibles, and this form of the mandibular foramen was not apparent in other
archaic populations, but is apparent in low frequency in modern Europeans (Relethford, 2003).
Smith also suggests that there are some traits seen in early modern humans in Europe that came
from Neanderthals, including the mandibular foramen form, retromolar spaces, occipital bunning
and suprainiac fossae (Churchill & Smith, 2000). Smith found the best explanation for
morphologically similar traits to be at least a low level of gene flow between Neanderthals and
the early modern humans in Europe.
According to Churchill and Smith (2000), there are several observations supported by the
archeological record and fossil remains that are imperative to the Neanderthal debate. They
suggest that Neanderthals were the sole manufacturers of lithics in the Middle Paleolithic in
Europe, and that the Initial Upper Paleolithic industries are products of their regional Middle
Paleolithic industry predecessors. This also correlates with the fossil evidence that most of the
human fossils relating to the Initial Upper Paleolithic are morphologically similar to
Neanderthals. Following these industries is the Aurignacian industry that is more closely related
to modern Europeans rather than Neanderthals. The cumulative fossil and archeological evidence
support the presence of modern humans in Europe around 32 thousand years BP, and even as
early as 36 thousand years BP. This data suggests that humans and Neanderthals existed together
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in Europe for two thousand to four thousand years, and possible up to ten thousand years
depending on dating accuracies. This information is critical because understanding the evolution
of these industries and how they correlate with the fossil evidence provides a more holistic
picture. Smith references the diversity of the Neanderthal tool industries, where Neanderthals in
central locations advanced their lithic industries throughout the Upper Paleolithic, while
Neanderthals on the eastern and western fringes stuck with Mousterian tool assemblages
(Churchill & Smith, 2000). This evidence implies that different catalysts, whether cultural,
environmental, geographical, linguistic or genetic, affected Neanderthal populations differently.
Loring Brace also falls under the umbrella of Multiregional Evolution with his theory of
Regional Continuity. Brace (1995) hypothesized that because we have a skewed perspective on
past events due to the lapse in time since the events and the limited amount of evidence
available; it appears as though an event that would last a long period of time could have
happened rather quickly. This skewed perspective is crucial in understanding the possibility that
many events could have taken place over a large area, and that we may only see it as one event
because of our limited perspective. This concept refers to morphological changes that may have
started in one or multiple places and spread to become incorporated in the general morphology of
a species (Brace, 1995). Brace also relates these issues to the narrow view of ‘classic
Neanderthals’ that is based on the expectation of relatively uniform populations. The fossil
evidence reveals that the range of variation in Neanderthals is at least as great as the variation
observed in modern primates (Brace, 1962).
According to Brace, gene flow was a ‘driving mechanism’ for human evolution, and is
interpreted differently under the theory of Regional Continuity. In the theory of Regional
Continuity, gene flow is present as a factor influencing the genetic variability of populations, but
natural selection is the true driving force (Brace, 1995). In the absence of such selection, or the
‘relaxation of natural selection’, mutations are the main catalyst for variability. This additionally
involves the concept of ‘Probable Mutation Effect’, where, according to Brace, “the most likely
effect of the most likely mutation will be the reduction of a structure that depends upon it”
(Brace 1995, p. 79). If a trait is no longer essential to an organism, the probability of mutations
increases, and the reduction or increased variation of the trait increases in likelihood. In general,
the reduction or mutation of a structure would be detrimental to an organism, but if the selective
pressure has ceased, the structure is free to vary without consequence to the reproductive success
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of that organism (Brace, 1963). This insight is particularly important in interpreting the reduction
of robusticity in hominids in the Upper Paleolithic and Mesolithic, while allowing for the range
of variability in the fossil evidence.
Examples of the probable mutation effect and the relaxation of natural selection are
evident in many modern human characteristics. Overall, these traits are gracile forms that have
lost their selective pressures to maintain a rugged form because of technology and culture. There
is a distinct structural reduction in modern human dentition that is related to various
technological advancements, including the transition to agriculture, cooking technology, and
more complex tool assemblages. The facial region of modern human crania has also experienced
evolutionary reduction, which may be partially related to the reduction in dentition. Skeletal
robustness has also decreased over time due to technological advancements that reduce the need
for physical labor, and an increase in social complexity that has also in some ways reduced the
reliance on individual robustness. Skin pigmentation is another example of the accumulation of
mutations from the relaxation of selective forces, as in the light skin of northern European
populations. Brace suggests that depigmentation in some European populations could be linked
to ancestral Neanderthal populations, and that it may be possible to trace the accumulation of
mutations back to changes in the selective pressures effecting Neanderthal populations in those
areas (Brace, 1963). Brace supports Neanderthals being considered Homo sapiens, and defends
this claim through morphological and cultural references. In response to theories against the idea
that Neanderthals could be related to Homo sapiens, Brace commented that “Oddly enough they
are able to accept specimens such as Kabwe and Petralona as ‘Archaic Homo sapiens’, even
though their brow ridges are enormous, their skulls heavy and thick, and they have not quite
achieve Modern levels of brain size, and yet they will not allow Neanderthals to qualify, even
though brain size is fully modern, brow ridge and skull wall thickness have started to reduce, and
the level of cultural sophistication is an order of magnitude greater than it was in the Middle
Pleistocene” (Brace 1995, notes p.232-233).
Jelinek (1969) studied Neanderthals in Central and Eastern Europe and found them
highly variable and not too morphologically different from Homo sapiens. According to Jelinek,
Neanderthals exhibit many traits that are distinct and common in Homo sapiens. Jelinek
postulated that local populations likely had similar traits, even though the frequency of the traits
may have fluctuated in each population, and these underlying similarities allowed for the rapid
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change seen in the fossil record. The sudden appearance of Homo sapiens in the fossil record in
Europe was an ideal situation for the subsequent change in morphology that overwhelmed the
possible morphological contributions from Neanderthals. Jelinek’s conclusions lead to
designating Neanderthals as a subspecies, as well as inferring the possible genetic relationship
between European hominids in the Upper Pleistocene (Jelinek, 1969).
Erik Trinkaus perceives the primary issue in the Pleistocene hominid debate as the
contrast between ‘late archaic humans’ and ‘early modern humans’. Trinkaus (1989b) notes that
there was considerable morphological continuity from the archaic Homo sapiens phase through
to early modern humans in Africa, eastern Asia and Australasia, but in the rest of Asia and
Europe, there was considerably more variation in the crania morphology evident in this time
period. The contrast between these two areas implies genetic continuity in some areas of the
world, while Europe and western Asia have a more complex and nonconforming genetic history.
This may be because the Upper Paleolithic in Western Europe stands out with sudden and rapid
cultural changes emulated in the early modern human populations (Trinkaus, 1989a,b).
Trinkaus infers the behavioral differences between the Neanderthals and early modern
humans from the underlying differences in cranial morphology. According to Trinkaus (1989b),
reduction in morphology is a result of cultural adaptations replacing the need for the maintained
selection of their related traits. One such example of this occurrence is Neanderthal dentition;
Neanderthals exhibit large anterior dentition with evidence of significant use. The prominent
anterior dentition has a distinct effect on the overall facial morphology, and with the continuous
selection of this trait, the overall robust cranial form classic to Neanderthals persisted. It is
postulated that Neanderthals utilized their teeth as tools to aid with the manipulation of objects.
In contrast, it is likely that early modern humans utilized tools for these particular tasks, which
allowed for the reduction in their overall dentition, and the more gracile tendencies of their
craniofacial morphology. Trinkaus finds multiple examples of these behavioral differences
evident from the inherent morphological differences between the Neanderthal and early modern
human populations during this transitional time period (Trinkaus, 1989b).
Trinkaus (2007) does not directly support the Multiregional model, as he believes that the
polarized theories (Multiregionalism and Replacement) do not represent the real issue which
concerns the degree of genetic assimilation. However, since Trinkaus supports the occurrence of
genic exchange between Neanderthals and contemporaneous Homo sapiens, his opinions fall
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within the ideals of the Multiregionalism model more than the Replacement model. Trinkaus
suggests that the only plausible explanation for the morphological features in early modern
Homo sapiens in Europe is a moderate assimilation of Neanderthal genes into contemporaneous
European Homo sapiens populations (Trinkaus, 2007).

Research Advancements
Technological advancements assist with the underlying issues of the Neanderthal debate,
concerning morphological variation and genetic relationships. Advancements in cranial data
collection techniques have evolved to a three-dimensional level. These digital data collection
techniques allow more data to be incorporated, and for that data to be more statistically powerful
(Mckeown & Jantz 2005, Harvati 2001). The application of these new techniques to the
interpretation of Hominid relationships makes quantitative evidence more statistically significant
and adds to the overall interpretation of such evidence.
In a previous geometric morphometric study by Lucia Yaroch using the thin-plate spline
technique, Yaroch addressed the issue of geometric scale in relation to the Neanderthal issue.
Yaroch concentrated on shape differences evident in crania with the assistance of geometric
morphometric techniques. The samples used in this analysis involve Middle and Late Pleistocene
Hominids and various modern human population samples. Twenty landmarks were digitized in
two dimensions for this analysis, acquired from photographs or scale drawings of the crania.
Yaroch found that many of the features used to designate and separate Neanderthals from
modern humans are not actually unique to Neanderthals. Several typical Neanderthal
characteristics were recognized by this analysis, but Neanderthals were not differentiated from
modern humans in 14 out of the 18 traits observed. In this analysis Neanderthals and modern
humans were not morphologically exclusive from each other, allowing samples from each group
to fall within the mean of the other, emphasizing the similarities that persist within these
stereotypically different hominids (Yaroch, 1996).
In 2003, Katerina Harvati digitized aspects of the temporal bone in Neanderthals and
Homo sapiens using three-dimensional geometric morphometric techniques. Harvati specifically
chose this aspect of the crania because she found it to be morphologically unique for both
Neanderthals and modern humans, which would likely separate the two samples. Harvati’s study
involved nine modern human populations and middle to late Pleistocene Hominid fossil samples.
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Harvati digitized the temporal bone on the crania of the modern human samples, and on casts of
the fossil hominid crania. Generalized procrustes analysis, a geometric morphometric technique,
was used on the digital data, and multivariate statistics (Mahalanobis D2, analysis of variance,
principal components analysis, and canonical variates analysis) analyzed the fitted data. The
analysis of the temporal bone proved to separate the Neanderthal samples from the modern
human populations. (Harvati, 2003a)
In 2000, Manzi, Saracino, Bruner and Passarello published their research on mid-sagittal
cranial profiles of Neanderthals, modern humans and archaic humans. The cranial data was
collected from two dimensional images acquired from publications. Eighteen landmarks were
collected along the mid-sagittal cranial profile, involving homologous Type 1 landmarks, as well
as homologous geometric landmarks (pseudolandmarks defined by consistent radial intervals
along the sagittal plane on the ectocranial surface). An even number of Neanderthal and early
modern human samples were used in order to create a statistical balance between the groups. A
few other archaic Homo sapiens were used in the analysis to determine the morphological
relationship between early modern humans, their ancestors, and related lineages (Neanderthals).
The two-dimensional landmark coordinates were analyzed using TPS-based software developed
by Rohlf. These analyses assisted with the determination of biases from heterogenous data
involved in the shape analysis. A relative warp analysis was conducted on the data, producing
two significant principal components. The first principal component accounted for the majority
of the variation evident between the samples. The first principal component separated the early
modern humans from the Neanderthals and archaic Homo sapiens. The researchers concluded
that this separation in the first principal component was not congruent with the theories that
emphasize genetic interaction between early modern humans and Neanderthals, but rather
supports theories that assume separate evolutionary lineages for the two Upper Pleistocene
hominids. The second principal component shed more light on within group variation rather than
variation separating the two groups. The researchers concluded that the second principal
component implies a balanced mid sagittal morphology evident of comparable morphological
‘niches’. The distinct results of this analysis support the mid-sagittal cranial vault as being a
critical and valid trait that effectively separates samples in recent human evolution (Manzi et al.,
2000).
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Genetic Contributions
Genetic evidence can assist with paleoanthropological interpretations, but it is also
heavily debated. Though mitochondrial DNA, the MC1R gene and other such genetic studies can
be combined with fossil evidence in theorizing about recent hominid evolution, the
interpretations of the data are not entirely conclusive, and are still susceptible to scrutiny.
Mitochondrial DNA is useful for analyzing population histories because it is inherited only
through the female line, and is not subject to the same type of recombination that is inherent in
nuclear DNA (Relethford, 2003). Several genes and alleles have been isolated and analyzed,
resulting in interpretations with evolutionary implications. In studying genetic evidence, it is
important to realize that the history of a genetic trait does not necessarily reflect the history of
the population that has the trait, but rather only the history of the trait itself (Relethford, 2001,
2003; Templeton, 1993).
Manderscheid and Rogers (1996) statistically tested the two major hypotheses for genetic
admixture in the late Pleistocene and found that their results were congruent with the
replacement model, but incompatible with the multiregional model. Their study was based on
assumed population sizes forty thousand years ago, when replacement has been proposed to take
place. They argue that the replacement model would have required only a few thousand
individuals to genetically replace all of the existing archaic Homo sapiens in a region, and that
this is accurately represented by the results of the statistical analysis of the genetic data. The
multiregional model, however, is based on preexisting regional populations that should have
contributed a significant amount of mtDNA to the modern populations of the area. These archaic
populations are proposed to consist of thousands of individuals spread throughout geographic
areas, and large populations do not fit with the result of this analysis. If these diverse archaic
populations had contributed their mtDNA, then it is assumed that modern human mtDNA would
be more diverse.
Cann et al. (1987) conducted a study that involved a worldwide survey of mitochondrial
DNA (mtDNA), which is a type of DNA that is inherited maternally. The benefit of using
mtDNA over nuclear DNA is that mtDNA does not recombine, it mutates at a greater rate than
nuclear DNA, all of the mtDNA in a human is identical, and because of its maternal inheritance,
it is more sensitive to changes in population size. The study found that most of the variation in
mtDNA is actually shared between populations. The results of the study were interpreted to
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mean that all of the modern human mtDNA sequences likely stemmed from a woman who lived
in Africa roughly 200,000 years ago (Cann et al., 1987; Stoneking et al., 1989). For the purposes
of projecting a time frame to these results, the rate of mutation in mtDNA was assumed based on
known rates in aboriginal Australasian populations. This assumption was made based on the
possibility that there is a constant rate in mtDNA sequence divergence. As a result of this
assumption, the research concluded that the common ancestral mtDNA existed 140 to 290
thousand years ago. The results of this study show that Neanderthal mtDNA is equally distant
from all other modern human groups that have been tested. Some scientists find the results of
this research to support the Out of Africa hypothesis by concluding that the results indicate
Neanderthal mtDNA did not contribute to the mtDNA of modern humans. However, other
scientists have argued that the results produced by this study are incorrectly interpreted (Conroy,
2005). In Cann et al. (1987), it is noted that the results do not necessarily imply that the
transformation to modern Homo sapiens occurred at this estimated time in Africa, and warn that
not all mtDNA sequences can be accounted for as males could not contribute and that extinct
male and female sequences can not be recovered.
The significance of mtDNA studies is still debated, as much of the analyses are based on
assumptions that are not yet completely understood. The determination that Neanderthal mtDNA
did not contribute to modern human mtDNA, as noted in Cann et al. (1987), is not based on
empirical evidence, but rather mathematical models that simulate a hypothetical pattern of
evolution. DNA studies can not yet resolve the Neanderthal issue for multiple reasons that are
intrinsic to DNA research. It is not possible for mtDNA to define a species based on the minute
differences that are apparent in the sequences of different groups (Conroy, 2005). It is also
difficult to assume that the history of a DNA sequence or genetic locus represents the exact
genetic history of a population. In the case of aboriginal Australians, as demonstrated in Adcock
et al. (2001), the mtDNA sequence of Lake Mungo 3, an ancient Australian Homo sapiens whose
morphology is within the range of modern indigenous Australians, does not exist in any modern
human populations. This study affirms that mtDNA sequences from early anatomically modern
humans can become extinct, so the same knowledge should be considered in mtDNA studies
involving Neanderthals (Conroy, 2005).
A genetic critique and reanalysis of the ‘Eve’ Hypothesis based on Cann and Soneking’s
research was set forth by Templeton in 1993. Templeton argues that only one of the four
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secondary hypotheses that support the ‘Eve’ model is actually supported by genetic data;
mtDNA does reflect some population expansion. However, Templeton also notes that although
population expansion is represented in mtDNA studies, it does not support the Out of Africa
hypothesis. In the process of reanalyzing the same data, Templeton found that the genetic data
revealed the ambiguity of a geographic location for the common ancestor as well as the time at
which the ancestor existed, implying that the last common ancestor likely lived more than two
hundred thousand years ago. Templeton also found that the data supports restricted but non-zero
gene flow that likely spanned the time since the last common ancestor, and that there was no
single population responsible for the genetic variation. If recent hominid evolution complied
with the Out of Africa theory, then the genetic evidence (mtDNA and nuclear DNA) should be
relatively homologous, but if the genetic evidence was more variable, than that would fit better
with a multiregional model. Some of the regional variation evident in modern populations could
have existed before the assimilation of mtDNA, and it also could have accumulated after, which
is congruent with low but recurrent gene flow that would have allowed the spread of adaptive
and neutral traits throughout the Old World (Templeton, 1993). Templeton concluded that the
replacement hypothesis is not compatible with any single set of assumptions used to analyze
mtDNA and nuclear data. Templeton was later refuted by Stoneking, but in his defense, he
confided that he approached the issue to test the hypothesis made by Stoneking and Cann’s
research, and that in response to Templeton’s analysis, Stoneking only looked for elements
compatible with the Eve hypothesis (Templeton, 1994).
Wolpoff et al. (1994) suggest that mtDNA has been misinterpreted, specifically in its
support for the Out of Africa model of human evolution. There is no evidence for the origin of
current mtDNA sequences that is inherent to mtDNA, and the computer analyses that have
produced this conclusion are easily misinterpreted, incorrect or based on ambiguous
assumptions. The idea of a molecular clock that can pinpoint the date mitochondrial Eve existed
is also inaccurate because it assumes that there was a constant rate of change. This assumption
was based on the idea of mtDNA being evolutionarily neutral, but that would overlook the
influence of natural selection, differential aspects of mutation and the possibility of
recombination. The common ancestor for modern human mtDNA could have been a woman in
Africa and her mtDNA could have spread throughout the Old World via gene flow and mixed
with various populations without actually replacing them (Templeton, 1993).
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Xiong et al. (1991), studied DNA sequences that carried a deficient allele
(Apolipoprotein C-II). Two sequences with this deficient allele, one from a Caucasian
Venezuelan and another from a Japanese person, were analyzed and they were found to differ
from the normal human apo C-II sequence by several nucleotides. The analysis concluded that
the antiquity of the mutation arose over five hundred thousand years ago, and that this indicates
that a severe bottleneck could not have occurred in human evolution. This conclusion was based
upon the probability that a defective allele could not survive such a severe bottleneck in a
population. Bottlenecks have occurred in populations throughout human evolution, and tend to
account for the relatively homologous genetic nature of modern humans. In compliance with the
Neutral Theory (Kimura, 1983), random drift must be taken into account in order to explain the
low levels of heterozygosity apparent in modern humans without a sever bottleneck as implied
by the Out of Africa model (Chakraborty & Nei, 1977). Gene flow generally decreases the
genetic differences evident between populations (Relethford, 2003), and an adequate amount of
gene flow could account for the relatively homologous appearance of genetic sequences between
populations.
The melanonin 1 receptor (MC1R) gene is a small gene associated with hair and skin
pigmentation that has been studied in an evolutionary perspective. The MC1R gene compliments
evolutionary studies because genes that influence the phenotypic variation expressed by
pigmentation are likely under selective pressure (Harding et al., 2000). Rogers et al. (2004)
found that in Africans, the differences evident in the amino acids are absent, where in nonAfrican populations there is a wide range of variation in the amino acids. This may correlate with
the selective pressures maintained in African populations living in areas exposed to deleterious
environmental conditions. The diversity in amino acids associated with MC1R in non-African
populations likely correlates with the relaxation of the same selective pressures. According to
Harding et al. (2000), it is possible to estimate the ages of MC1R alleles by assuming that their
frequencies reflect genetic drift in randomly mating populations of constant size. The result of
these estimations suggests that some variations of the MC1R gene trace back to Eurasian
ancestors that lived 250 to 100 thousand years ago. The MC1R variants that are associated with
red hair are estimated to be 80,000 years old, which suggest that there could have been a genetic
contribution from Neanderthals to modern western European populations. Harding et al. (2000)
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also postulated that the most recent common ancestor, as implied by the lack of variation in
MC1R, was roughly one million years ago.
A study concerning two separate haplotypes on the tau (MAPT) locus of Homo sapiens
nuclear DNA suggests that one of the haplotypes is derived from an ancestral genetic
Neanderthal contribution (Hardy, et al., 2005). According to this research, the MAPT locus is
unique because one of the haplotype clades (H1) occurs in all populations around the world,
while the other haplotype clade (H2) occurs only in European populations. The H2 haplotype is
relatively homologous with very little variation and it differs from the H1 haplotype to the
degree that they would not be able to recombine. When compared to the same locus from a
Chimpanzee, it was noticed that the sequential differences and incompatibilities of the human
haplotypes implied that one haplotype was not derived from the other but rather that they both
came from a distant ancestor. A plausible explanation derived from this research is that the H2
haplotype entered the European population from an ancestral Neanderthal during the time of
coexistence (Hardy, et al., 2005).
Ideally, a large sample of genetic traits and analyses would be used to make inferences
about recent hominid evolution. Templeton (2002) analyzed mitochondrial DNA, Ychromosome DNA, two X-linked regions and six autosomal regions of human haplotype trees in
order to acquire more comprehensive results that pertain to recent human evolution. Templeton
found that there were at least three major expansions (waves of gene flow) out of Africa instead
of the single one suggested in the Out of Africa hypothesis. It was also noted that genetic
exchange was prevalent between human populations and that only 90% (as opposed to the 100%
predicted by the replacement model) of haplotype trees that represent the genome of nuclear
DNA seem to be rooted in Africa (Templeton, 2002). The conclusions made from this analysis
rejected the replacement theory and were compatible with the ideas represented in the
multiregional model of human evolution.
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III. MATERIALS AND METHODS

Research Design
The purpose of this research is to examine the morphological relationship between
Neanderthals and Homo sapiens. Neanderthals are an interesting population to study because of
the chronological and geographical range of specimens allotted to this group, as well as the rarity
of fossil specimens. Due to the composition of this population, this research aims to take an open
approach that accounts for the diversity within the Neanderthal group. Early Homo sapiens from
Europe were used in this analysis in order to bridge the chronological gap between recent Homo
sapiens and Neanderthals. The comparative recent Homo sapiens populations used in this
analysis were concentrated around the geographical location of the Neanderthals in Europe.
Samples from different populations were compiled to form three regional European groups
(northern, eastern & central). An Australian Aborigine sample was also used because they were
an isolated population for a long period time and maintained uniquely robust crania.
In order to capture the morphology of the crania employed in this research, two sets of
cranial landmarks were used. The alpha triangulation analyses employed three landmarks from
the midfacial area of the cranium and the cranial vault analysis used five landmarks that
represent the cranial vault along the sagittal plane. These sets of landmarks were quantitatively
examined using geometric morphometric techniques and statistical analyses. The landmarks
chosen for the analyses are an outcome of the process of this research.
Eighty-four landmarks were originally digitized from most of the crania and fossil casts
in the sample pool, but many of the specimens had missing landmarks or were improperly
digitized. The landmarks used for this analysis were chosen after all of the raw data was
compiled and the most relevant configurations of landmarks could be determined. The statistical
analyses used require complete data, so two data subsets were chosen that retained the most
specimens and concentrated on the morphological aspects of the crania that could provide the
most information. The landmarks of the cranial vault analysis and the alpha triangulation
analysis fulfilled these requirements. The cranial vault profile is a typical area of the cranium to
study the difference between Neanderthals and Homo sapiens. The combination of Homo
sapiens sample populations in this research was chosen in order to see how the different
populations selected could affect the results of these quantitative analyses, and if any new
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information could be revealed. The landmarks of the alpha triangulation analysis are less often
studied, and until the advent of three-dimensional geometric morphometrics, would have been
very difficult to quantitatively study.
Geometric morphometric techniques were utilized in this research to quantify the
morphology of the crania. Generalized procrustes analysis was used to translate, rotate and scale
the data in order to eliminate size as a variable so that the variation of shape, which represents
the morphological differences in the populations being studied, could be further analyzed.
Traditional multivariate statistics including principal components analysis and canonical variates
analysis were applied to further understand the data. These statistical techniques are capable of
dealing with large data sets produced by Cartesian coordinates, and shed light on the
morphological relationships between population groups.
Samples
The samples used for this study are curated at the American Museum of Natural History
in New York City. The groups selected for this study consist of fossil casts from several middle
and late Pleistocene populations, and crania from several relatively modern human populations.
The fossil sample is composed of Neanderthals and early Homo sapiens from Europe and the
Near East (Table 2). Le Moustier, La Chapelle-aux-saints, Amud I, Tabun I, and Circeo
represent the Neanderthals used in the cranial vault landmark data analysis. La Chapelle-auxsaints, Krapina C, Circeo and Saccopastore represented the Neanderthals used in the alpha
triangulation analysis. Fourteen early Homo sapiens casts from the Upper Pleistocene and
Holocene were used in the cranial vault analysis, including Cro Magnon 1, Cro Magnon 2,
Predmost 3, Predmost 4, Mladec 5, Qafzeh VI, Brunn III, Slaigneaux, Swanscombe and
Oberkassel 1. Slaigneaux, Qafzeh 9, Qafzeh VI and an individual from Neolithic Belgium are
casts of the early Homo sapiens crania digitized for the alpha triangulation data set.
The relatively modern human specimens are from four geographic regions: central
Europe, northern Europe, eastern Europe and Australia. The central European population sample
consists of seven crania from Germany and France. The northern European sample consists of
eight crania from the Netherlands, Denmark, Holland, Norway and Sweden. The eastern
European sample consists of eleven crania from Poland, Russia, Roumania and Hungary. The
Australian sample consists of Australian Aborigine crania from southern Australia. A total of 51
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individuals are used in the cranial vault analysis, and 34 crania are used in the alpha triangulation
analysis (Table 1).
The samples were selected to represent relative geographic areas. Adult crania (defined
by full dental eruption) devoid of any major deformities or pathological conditions were used.
Sex was unknown, and only roughly estimated, so it was not taken into account or weighted
within the samples. Most of the specimens were randomly selected from a large series, but in the
case of the Neanderthals, early Homo sapiens, and Northern Europeans, all of the samples
available were used. Natural bone crania were used for the modern samples, and high quality
casts were used for all of the fossil samples due to the unavailability of the original fossils.
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Table 1: Cranial Samples
Sample Population

Sample #

AMNH Designation

Country

Sex

Age

Analysis*

Central European
Central European
Central European
Central European
Central European
Central European
Central European
Central European
Central European
Northern European
Northern European
Northern European
Northern European
Northern European
Northern European
Northern European
Northern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Eastern European
Australian Aborigine
Australian Aborigine
Australian Aborigine
Australian Aborigine
Australian Aborigine
Australian Aborigine

Vl4741
Vl4747
Vl4750
Vl4802
Vl4804
Vl4805
99/7885
Vl4730
Vl4801
Vl5247
99/8219
Vl4668
Vl2829
Vl4670
Vl4669
Vl4923b
Vl4667
Vl629
Vl211
Vl5282
Vl5279
Vl4299
Vl2596
Vl2623
Vl2554
Vl2569
Vl2324
Vl2538
Vl2595
Vl2625
Vl2577
Vl2586
99/8181
99/8178
99/8153
99/8167
99/8177
99/8168

Heidenheim, Wurttenburg
Heidenheim, Wurttenburg
Heidenheim, Wurttenburg
Rastenberg, Weimar
Rastenberg, Weimar
Rastenberg, Weimar
Haute Saone (Gallo-Roman)
Stutgard
Rastenberg, Weimar
Amsterdam
Frisian
Copenhagen
Lund
Copenhagen
Copenhagen
Tronhjem
Copenhagen
Nieszawa, Vistula R. (Russian)
Krakau (Pole)
Caucasus, Erivan
Caucasus, Erivan
Gypsy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Demko-Hegy
Gud-ga-roo
Aborigine
Aborigine
Aborigine
Aborigine
Aborigine

Germany
Germany
Germany
Germany
Germany
Germany
France
Germany
Germany
Netherlands
Holland
Denmark
Sweden
Denmark
Denmark
Norway
Denmark
Poland
Poland
Russia
Russia
Roumania
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Hungary
Australia
S. Australia
S. Australia
S. Australia
S. Australia
S. Australia

M
M
M
M?
M
M?
M?
M
M?
M?
M
F
F?
M?
M
M
M
M/F
M
F?
M?
F?
F
M?
F
M
F?
F
M
F
M
M
M
M
M
M
M
F?

40+
?
40+
40+
30-40
40+
40+
20-40
30-40
30-40
40+
26+
20-30
40+
40+
40+
40+
20-30
20-30
20-30
20-30
30-50
20-30
20-30
20-30
40+
30-50
20-30
30-50
20-30
40-50
20-30
40+
30-50
30-40
20-40
20-40
20-40

CVA & ATA
CVA
CVA & ATA
CVA & ATA
CVA
CVA & ATA
CVA & ATA
ATA
ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA
CVA & ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA & ATA
CVA
CVA & ATA
CVA
CVA & ATA
CVA
CVA & ATA
CVA & ATA
ATA
ATA
ATA
ATA
CVA
CVA
CVA
CVA
CVA
CVA

* CVA = Cranial Vault Analysis, ATA = Alpha Triangulation Analysis
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Upper Galilee, Isreal

H.N.
H.N.
H.N.
H.N.
H.N.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.
H.S.

Amud I
Tabun I
Circeo
Krapina C
Saccopastore
Cro Magnon 1
Cro Magnon 2
Predmost 3
Predmost 4
Belgium
Mladec 5
Brunn III
Qafzeh VI
Langwith Cave
Galley Hill
Hammersmith

99.1/3211

99.1/3210

99.1-3195

99.1/3203

99.1-3196

99/7732

99.1/2290

991/2079

991/2305

991-2315

991/1556

991/1554

991/3233

991/2302

991/2299

vl1459

H.S.
H.S.

Oberkassel 1
Qafzeh IX

991/2293

991/3232

Jebel Qafzeh Cave, Isreal

Oberkassel, ….

Sclaigneaux, Belgium

Ponte San Luig, Liguria, Italy

Hammersmith, London, England

Galley Hill, Swanscombe, Kent, England

Derbyshire, England

Jebel Qafzeh Cave, Isreal

Cerveny Kopec, Czechoslovakia

Mladec, Czechoslovakia

Meuse Valley, Belgium

Predmosti, Czechoslovakia

Predmosti, Czechoslovakia

Les Eyzies, France

Les Eyzies, France

Saccopastore, Italy

Krapina, Yugoslavia

Monte Circeo, Italy

Tabun, Isreal

* CVA = Cranial Vault Analysis, ATA = Alpha Triangulation Analysis

H.S.

Sclaigneaux

H.S.

991/2316

991/1102

Correge, France?

La Chapelle-aux-saints H.N.

Dordogne, France

99.1/3200

H.N.

Le Moustier

vl4545

Species Fossil Location

Common Name

Sample #

Table 2: Cranial Vault Fossil Cast Samples

CVA

92k BP

Up. Pleist.

Holocene

Late Pleist.

?

Holocene

Late Wurm

92k BP

Wurm II?

Up. Pleist.

Neolithic

26k BP

26k BP

20-27k BP

20-27k BP.

120k BP

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

Cast

ATA

CVA

Cast

Cast

CVA & ATA Cast

CVA

CVA

CVA

CVA

CVA & ATA Cast

CVA

CVA

CVA & ATA Cast

CVA

CVA

CVA

CVA

ATA

Cast

CVA & ATA Cast

70-140k BP ATA

40-60k BP

Cast

Type

CVA & ATA Cast

CVA

50-103k BP CVA

27-55k BP

60k BP

45k BP

Time Period Analysis*

Neanderthal Samples
La Chapelle-aux-saints

La Chapelle-aux-saints is the fairly complete skeleton of a

Neanderthal, also known as the ‘Old Man’ because of the elderly traits exhibited on the cranium
and postcranium, including the extensive antemortem tooth loss and alveolar resorption. A cast
of the cranium was digitized for this study. This Neanderthal specimen is from the Upper
Pleistocene and Tattersall et al. (1988) suggest the fossil dates to roughly 60 thousand years ago.
The Neanderthal fossil was discovered in a cave around Correge, France. This fossil has several
typical Neanderthal features, including an occipital bun, a large nasal aperture, large rounded eye
orbits and a projecting mid-facial region. The zygomatics and general facial area exhibit
reduction in comparison to earlier hominids. There are multiple pathological conditions present
on the crania, including degenerative joint disease, alveolar resorption, antemortem tooth loss,
bilateral auditory exostosis and minimal occipital condyle degenerative joint disease. This
Neanderthal has been the center of a lot of debate involving altruistic behavior in Neanderthals
based on the pathological evidence and condition of the skeleton (Larsen et al., 1991; Tappen,
1985; Trinkaus, 1983).
Krapina C

A cast of Krapina C, a fossil Neanderthal cranium, was used in the alpha

triangulation data analysis. This Neanderthal specimen dates to the Upper Pleistocene, and was
discovered in a cave around Krapina, Yugoslavia. According to Larsen et al. (1991), the fossil
dates to roughly 70 thousand years BP, while Wolpoff (1999) dates the remains to roughly 110
to 140 thousand years BP. The fragmentary Krapina C cranium is from an adult female. There
were many fragmented Neanderthal remains found at the Krapina site that represent multiple
individuals. The condition of the remains led to speculation of cannibalism and secondary burial
practices as cut marks were observed on the bone fragments (Larsen et al., 1991). According to
Ogilvie et al. (1989), the dentition of the Krapina specimens exhibit signs of enamel hypoplasia,
indicating periodic physiological stress during childhood. The dental remains also indicate early
Neanderthal affinity due to the tauradontism evident in the molars showing undivided roots and
expanded pulp cavities (Tattersall et al., 1988).
Circeo 1

Circeo 1 is a fossil Neanderthal, of which a cast of the cranium was used

for both the cranial vault and alpha triangulation analyses. Circeo 1 is dated to the Upper
Pleistocene, roughly 40 to 60 thousand years BP. The original fossil was recovered from the
Guattari Cave located around San Felice Circeo, Latina, Italy. The cranial morphology is that of
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a typical ‘Classic Neanderthal’ exhibiting an anteriorly projected, large facial region and large
nasal aperture. However, Circeo has a more modern cranial morphology than the other European
Neanderthals of the time, which were concentrated in a colder climate to the north. It is possible
that Circeo’s comparatively modern cranial morphology is a result of the lack of cold climate
adaptation due to the relaxation of selective pressures in southern Europe (Larsen et al., 1991).
Saccopastore A cast of the cranium of Saccopastore, a fossil Neanderthal, was used in
the alpha triangulation data analysis. According to Tattersall et al. (1988), Saccopastore 1 was
recovered from a terrace deposit of the Aniense River just outside of Rome, Italy, which is
attributed to the last interglacial, roughly 120 thousand years BP. The cranial morphology is
more modern than that of the classic Neanderthal, which possibly reflects the relaxation of cold
adaptation, allowing for the reduced expression of classic traits. The brow ridges are likely
smaller, but the supraorbital torus is fragmented. The posterior aspect of the cranium is rounded
and does not exhibit the occipital bun commonly associated with Neanderthals. The cranium is
long and narrow, with a large nasal aperture and large, round eye orbits that comply with classic
Neanderthal morphology (Larsen et al. 1991, Wolpoff 1980).
Le Moustier

Le Moustier is a fossil Neanderthal youth (possibly around the age of 13)

from the Upper Pleistocene, and dates to around 45 thousand years ago. The fossil remains were
discovered in a cave around Dordogne, France. A cast of the cranium was used in the cranial
vault analysis. Le Moustier originally represented a partial skeleton, but much of the remains
were damaged by a bomb in 1945. The cranium does not exhibit an occipital bun, which is
relatively unique for Neanderthals of the Wurm, but Le Moustier also lacks a chin which is a
classic Neanderthal trait (Tattersall et al., 1988; Wolpoff, 1980).
Amud 1

A cast of the cranium of Amud 1, a fossil Neanderthal, was used in the

cranial vault analysis. This fossil dates to the Upper Pleistocene, between 35 and 55 thousand
years BP (Larsen et al., 1991; Wolpoff, 1999). There is also some speculation about the certainty
of the date for Amud 1, but if the date is accurate, it is possibly the most recent Neanderthal
fossil from the area (Tattersall et al., 1988). The fossil was found in 1961 in Wadi Amud, Israel,
and is a nearly complete skeleton (including the cranium and mandible). This fossil has a
endocranial capacity of 1750cc, which is the largest of all the Neanderthals from the near-east
(Larsen, 1991). Amud 1 not only has an overall large cranium but has comparatively small teeth
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and evidence of a slight chin. It was also noted that Amud 1 was rather tall with an estimated
stature of 179 cm (Tattersall et al., 1988).
Tabun 1

Tabun 1 is a Neanderthal from the Upper Pleistocene; the fossil dates to

between 50 and 103 thousand years BP (Larsen et al. 1991; Wolpoff, 1988). The fossil was
discovered in Mugharet et-Tabun, Wadi et Mughara, Isreal. According to Tattersall et al. (1988),
Tabun 1 was recovered in the same level as a Levalloiso-Mousterian industry in the excavation
of the cave on Mount Carmel. This cultural level was originally dated to the early Pleistocene,
but was later thought to be more recent, dating it to roughly 50 thousand years BP. Tabun 1 is the
relatively complete skeleton of a small adult female; the cranial capacity is relatively small
(1,300), which correlates with the smaller body size. Tabun 1 has well pronounced supraorbital
tori, but also has a very rounded occipital region. It has also been suggested that the Tabun 1
cranium represents a transition to modern Homo sapiens (Larsen et al., 1991; Tattersall et al.,
1988; Trinkaus, 1983).

Early Homo sapiens
Casts of various early Homo sapiens crania were used in these analyses. These samples
range from the Middle Pleistocene to the Holocene, and range in geographical location
throughout Europe and the Middle East. Not all of the sample crania have much information, and
the information on the more contemporary crania is restricted mostly to location and
approximate dates.
Qafzeh VI & IX

A large sample of early Homo sapiens fossils, dating back to

roughly 92 thousand years ago was recovered from the Jebel Qafzeh cave in Israel. A portion of
these skeletal remains are associated with Mousterian technology, which implies that they are the
oldest hominids found in the middle east that exhibit modern cranial morphology. It has also
been suggested that these fossils represent the ancestors of more recent early Homo sapiens in
Europe, and essentially contributed to the modern morphology (Tattersall et al., 1988). A cast of
the fossil cranium of Qafzeh VI was used for the cranial vault analysis as well as the alpha
triangulation, and a cast of Qafzeh IX was used for the alpha triangulation data analysis.
The Jebel Qafzeh VI cranium dates from the Middle to Late Pleistocene, and exhibits
large eye orbits, a large nasal aperture and large anterior dentition, which are traits generally
synonymous with archaic Homo sapiens. Qafzeh VI also has a high forehead which accompanies
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a superiorly rounded vault synonymous with fully modern Homo sapiens (Larsen et al., 1991).
Larsen et al. (1991) suggest that this supports the hypothesis of contemporaneous occupation of
this area by both late archaic and modern human populations.
Cro Magnon 1 & 2

Several partial skeletons were recovered from the Cro Magnon

rock shelter, consisting of the remains of four adults and four children. This rock shelter is
located near Les Eyzies, Dordogne, France. The skeletons date to the Late Pleistocene (23,000 to
27,000 years BP). Wolpoff (1999) suggests that the skeletons date to roughly 20 thousand years
ago, just prior to the glacial maximum. Tattersall et al. (1988) remarked that even though the
skeletons are rather robust in size, their overall morphology is quite distinguishable from the
Neanderthals (Tattersall et al., 1988). Casts of the fossil crania of Cro Magnon 1 and Cro
Magnon 2 were digitized for the cranial vault analysis.
The skull of Cro Magnon 1 is that of an elderly male. The cranium is very distinct, and
clearly represents early Homo sapiens. The classic features exhibited on this cranium include a
wide and high craniofacial area with a narrow nasal aperture and a prominent chin. The features
are more gracile than its archaic ancestors, displaying small brow ridges and a vertical forehead.
The orbits have a very distinct rectangular appearance, and are relatively short in height. The
cranium of Cro Magnon 1 has a cranial capacity of 1,636 cc (Larsen et al., 1991; Tattersall et al.,
1988; Wolpoff, 1999).
The cranium of Cro Magnon 2 represents an adult female. The facial morphology of this
cranium consists of a large nose with a high nasal angle, as well as a very prognathic midfacial
region. Overall, the cranium is smaller in comparison to Cro Magnon 1, and is more gracile in
appearance. (Wolpoff, 1999)
Predmost 3 & 4

Casts of the fossil crania of Predmost 3 and Predmost 4 were used

in the cranial vault analysis. These fossils were recovered from an open-air site near Prerov, in
the Czech Republic. According to Tattersall et al. (1988), it is unclear whether this is a single site
or a multilayered site. One radiocarbon date indicates that the site was occupied around 26
thousand years ago. The cranium of Predmost 3 exhibits features comparable to fully modern
Homo sapiens, with a well developed chin, a high, superiorly rounded cranial vault, a reduced
craniofacial area and comparatively reduced midfacial projection. Several archaic features
persist, represented by the large brow ridges and the prominent posterior aspect of the cranial
base (Larsen et al., 1991).
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Mladec 5

A cast of the Mladec 5 cranium was used in the cranial vault analysis.

Fossil remains of multiple individuals were recovered from the Mladec (Lautsch) caves in the
Czech Republic and are thought to date to the Upper Pleistocene. According to Tattersall et al.
(1988), the Mladec caves have “provided some of the earliest anatomically modern fossils in
Europe”, and “several of the hominid crania are very robust and have been regarded as
Neanderthal-like” (Tattersall et al., 1988 p. 351). The Mladec 5 cranium consists of a cranial
vault, and has a cranial capacity of 1,650 cc. The Mladec 5 cranium is from a robust male, and
has characteristics congruent with Mladec 4 and 6. In general, the Mladec crania have relatively
low cranial vaults with occipital buns, pronounced supraorbital tori and thick cranial bone
(Wolpoff, 1999).

Modern Human Populations
Central Europe

The Central European population sample consists of six crania

from Germany and one cranium from France. Three of the German crania are from Rastenberg,
Germany, and are all likely males, though their sex traits were borderline. One of the crania was
from an individual who likely died when they were 30 to 40 years old, but the other crania from
this location were at least 40 years old at their time of death. Three crania are from Heidenheim,
Germany, and are all males, two of which were over the age of 40 at death, and the age of the
other cranium was undetermined. One cranium is from Stutgard, Germany and is a male between
20 and 40 years of age at time of death. The cranium from France was labeled Gallo-Roman and
is from Haute Saone. This individual is likely male, but the sex traits exhibited on the cranium
are mixed, and they were likely over 40 years old at the time of their death.
Northern Europe

The northern Europe population sample consists of eight crania

from the Netherlands, Denmark, Holland, Norway and Sweden. Four of the crania are from
Copenhagen, Denmark; one is a young female over 26 years old, one is likely male even though
the sex traits on the cranium are borderline, and is at least 40 years old. The other two crania are
male and over 40 years old. A male over 40 years old is from Frisian, Holland. A cranium from
Amsterdam, Netherlands is likely a male, and over 40 years old at time of death. A female, likely
between 20 to 30 years old, is from Lund, Sweden. The Norwegian cranium is from Tronjeim,
Norway and is from a male over the age of 40. This cranium stands out; it has a low, sloping
forehead, large supraorbital tori, is comparatively robust, and has an occipital bun.
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Eastern Europe

The Eastern European population sample consists of eleven crania

from Poland, Russia, Roumania and Hungary. Eight of the crania are Demko-Hegy from
Hungary, and are from the ninth to eleventh centuries. The Demko-Hegy crania consist of three
males, and five females. The Hungarian population sample is relatively gracile; the samples
exhibit high foreheads with minimal supraorbital tori even in the robust males. Two crania are
from Caucasus, Erivan, Russia; one male and one female both between 20 and 30 years old. One
cranium is from Krakau, Poland, and is a male between 20 and 30 years old. A possibly female
cranium between 20 and 30 years old is from Nieszawa, Vistula R., Poland, but was likely
Russian. A female between 20 and 50 years old, is a Gypsy from Roumania.
Australian Aborigines

Australian Aborigines have a unique morphology, and the

contrast is a vital component to the analysis of the relationship between Neanderthals and Homo
sapiens. Australian Aborigines show a high range of morphological variation that is likely due to
different waves of immigration and various rates of admixtures. Australian Aborigines range
from very gracile to very robust, which involves several factors including morphological
diversity of groups, sexual dimorphism, and individual differences as affected by culture and
environment (Tattersall, 1988). The crania used in this analysis are from southern Australian
Aborigine populations, and all exhibit a rather robust cranial morphology. The cranial vaults
exhibit large supraorbital tori (brow ridges), receding cranial vaults, wide palates, large teeth and
some have occipital buns. These traits are morphologically similar to those of Neanderthals,
which are often referred to as primitive traits. However, this visual similarity is not meant as an
implication of an ancestral relationship between Neanderthals and Australian Aborigines, but
rather is included to expand the range of modern human variation represented. The purpose of
adding Australian Aborigine crania to the analysis was to essentially bridge the morphological
gap between the robust Neanderthals and the more gracile modern European populations.
Australian Aborigines are among the most robust modern human populations, with strong
muscle attachment sites and large teeth. Their environment challenges them with a variety of
physical stresses; there is “a great diurnal-nocturnal variation in temperature” and “they are
subject to frequent seasonal food shortages” (Frisancho, 1993 p. 104-105).
Australian Aborigines are uniquely adapted to their environment. According to Frisancho
(1993), traditional Australian Aborigines wore minimal clothing, consisting of a type of genital
covering, despite low temperatures at night. Traditional Australian Aborigines were well adapted
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to their environment, and they did not protect themselves from the cold air at night. This
adaptation allowed them to sleep in environments below ‘thermoneutral’ temperature, which
would normally leave people considerably uncomfortable (from shivering to possible
hypothermia). Though this specific adaptation does not necessarily affect their cranial
morphology, it does demonstrate a unique adaptation that separates them from many modern
Homo sapiens populations (Frisancho 1993).
Australian Aborigines have been relatively isolated and have adapted to their
environment over thousands of years; the Homo sapiens settlement of Australia extends back
roughly 40 thousand years. There is a lot of variation in modern Australian Aborigines, with
populations ranging from gracile to very robust. There is considerable debate over why so much
variation exists within Australian Aborigines. Tattersall (1988) suggests that there are two main
theories that attempt to explain the variation in Australian Aborigines. One theory suggests that
the several ancestral populations of Australian Aborigines migrated to Australia at least two
different times. The other theory suggests that the variation is inherent in a single ancestral
population that represents the majority of Australian Aborigines present today.
The Australian Aborigines used in both analyses are from southern Australia and
generally exhibited robust cranial features. Several of the crania have occipital buns, and one
cranium shows prominent lateral supraorbital tori. Sunken nasal roots, nasal guttering, nuchal
rugosity, prominent glabellas, and large nasal apertures are common among the cranial samples
of the population.

Data Collection
Coordinate data allows data collection in a three-dimensional format, which decreases the
probability of distortion and allows more complete data sets that are true to the original form. In
contrast to traditional craniometrics where data was collected in the form of measurements taken
between two landmarks, three-dimensional coordinate data allows the relationship of the
landmarks to be preserved (Marcus et al., 1996). This enables the data to preserve more
important information relating to the shape of the object instead of concentrating on size
differences, and may reveal morphological information that may otherwise go unnoticed (Van
Vark and Schaafsma, 1992). Traditional craniometrics heavily rely on size differences to make
inferences about the data, however, size is not a valuable variable due to its implications and
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correlations with nutrition and sex. The shape of a cranium is more important than its size and
three-dimensional coordinate data allow the information of the shape to be preserved, while
geometric morphometric techniques allow that data to be extracted and processed into a format
that can be statistically analyzed. Coordinate data is more statistically powerful, and is
essentially more informative because of this (Marcus et al., 1996; McKeown and Jantz, 2005;
Slice, 2005).
The data was collected in the form of three dimensional coordinate landmarks on the
crania by a portable digitizer, the MicroScribe G2. The digitizer is able to collect data on three
dimensions in the form of Cartesian coordinates. The MicroScribe G2 has a three jointed
extension arm on top of a swivel joint attached to a fixed base. According to Ousley and
McKeown (2001), “optical encoders on the arm joints track the pitch, roll and yaw of the probe
… to derive the coordinates relative to the base with a .23 mm accuracy” (p.176).
The calibration of the digitizer was checked prior to collecting the data by digitizing a
ruler to ensure the accuracy of the instrument. 3Skull, a software program developed by Stephen
Ousley, was used to assist with the collection of the data from the crania. This software has
several components that greatly ease the data collection process. A landmark data set was created
in Corel Paradox, containing 84 landmarks, which was then used within the 3Skull software.
3Skull allowed for the landmarks to be collected, edited and skipped if absent. After all of the
possible landmarks were collected, 3Skull computed the measurements in a form consistent with
the Howells (1973) craniometric set. Two of these computed measurements, the maximum
cranial length (GOL) and maximum cranial breadth (XCB), were then compared with the same
measurements taken with the spreading calipers on the cranium. If these measurements were not
within 1 millimeter of each other, both methods were checked for error, and if necessary, all 84
landmarks were retaken.

Cranial Landmarks
Cranial landmarks are locations on a cranial surface that retain a level of significance
related to morphology, structure, function, development, evolution or even an arbitrarily defined
meaning (Marcus et al., 1996; Richtsmeier et al., 2002). The coordinates collected by the
digitizer are mostly based on cranial landmarks originally defined by Howells (1973). The
cranial landmarks chosen for this analysis collectively represent typical features of Neanderthal
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cranial morphology. The cranial vault analysis (CVA) concentrates on the glabella region of the
crania, which is consistently prominent in Neanderthal crania, and occurs visually slighter and
less common in modern human populations. The alpha triangulation analysis (ATA) focuses on
an area of the cranium that may be associated with mastication and the unique facial morphology
associated with Neanderthals.
Due to the fragmentary nature of most of the fossil specimens, the number of cranial
landmarks used in this analysis was reduced to include as many fossils as possible. The
landmarks used for the cranial vault analysis were all located on the cranial vault in the sagittal
plane. Five cranial landmarks were employed in this analysis: nasion, glabella, supraglebella,
bregma and lambda, as defined by Howells (1973). The alpha triangulation analysis allows for a
different combination of samples due to the location of the landmarks in the facial area of the
cranium. The cranial landmarks used for the alpha triangulation analysis are: alpha, zygoorbitale
and nasal inferious.
Nasion (na) is the most inferior, anterior landmark used in the cranial vault analysis.
Nasion is located at the intersection of the fronto-nasal suture and the sagittal plane. If the frontonasal suture is not symmetrical at this point, and has either a gap or is otherwise misformed, this
point is to be taken at the point on the frontal bone in the sagittal plane, between the frontal bone
and suture surface (Howells, 1973). In traditional craniometrics, nasion is used in nasio-occipital
length (NOL), which is the greatest length of the cranium measured from nasion and extending
posteriorly. Nasion is also used in Glabella Projection (GLS), Basion-Nasion Length (BNL),
Nasion-Prosthion Height (NPH), Nasal Height (NLH), and several other two dimensional
measurements.
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Figure 1: Landmarks of the Cranial Vault Analyses
The glabella is the region of the cranium that is commonly associated with brow ridges
(supraorbital tori), but concentrates medially. The landmark recorded in Cartesian coordinates is
located on the sagittal plane at the anterior most projection of the glabella. Glabella is
traditionally used for finding glabello-occipital length (GOL), which is also known as the
maximum cranial length. GOL is the greatest length of the cranium, measuring from the glabella
region, and extending posteriorly (Howells, 1973). The glabella is also used for finding the
Glabella Projection (GLS).
Supraglabella is the landmark on the sagittal plane, superior to glabella. According to
Howells, supraglabella is “the point at which the convex profile of the frontal bone changes to
join the prominence of the glabellar region” (Howells, 1973, p. 181). This landmark was
collected at a point along the sagittal plane at the greatest concavity in the profile of the
transitional curve of anterior portion of the frontal bone.
Bregma (br) is the landmark superior and posterior to supraglabella used in the cranial
vault analysis. Bregma is taken on the frontal point at the most posterior border in the sagittal
plane, which is essentially the intersection of the sagittal and coronal sutures. However, if the
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sagittal suture diverges from the midline, the point should be taken in the same area but along the
midline (Howells, 1973). In traditional craniometrics, Bregma is used for Basion-Bregma height
(BBH), Bregma-lambda chord (PAC), Bregma-lambda subtense (PAS), and Bregma-subtense
fraction (PAF).

Zo
Ni Al

Nasal Inferious (Ni), Alpha (Al), Zygoorbitale (Zo)

Figure 2: Landmarks of the Alpha triangulation analysis
Lambda (la) is the most posterior landmark used in the cranial vault analysis. Lambda is
located on the occipital bone at the intersection of the lambdoidal and sagittal sutures in the
sagittal plane (Howells, 1973). If the circumstance arises where the sutures prohibit accurate
midline placement, then the landmark is located where the lateral aspects of the lambdoidal
suture would intersect with the sagittal suture in the median plane (White and Folkens, 2000). In
traditional craniometrics Lambda is used for Lambda-opisthion chord (OCC), Lambda-opisthion
subtense (OCS), and Lambda subtense fraction(OCF).
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Nasal inferious is the medial point used in the Alpha triangulation data analysis. Nasal
inferious is the point on the maxilla at the inferior terminus of the nasomaxillary suture. This
point is used for craniofacial measurements in the University of Michigan Craniofacial Database.
Nasal bone height and inferior nasal bone width are such measurements that use this landmark.
(Brace et al., 2001)
Zygoorbitale (ZO) is the lateral point used in the alpha triangulation analysis. This
landmark is taken at the point where the zygomaxillary suture intersects the orbital margin
midway between the facial and orbital surfaces (Howells, 1973). Zyboorbitale is used in
traditional craniometrics for ‘Malar length, inferior’ (IML).
Alpha is a point on the cranium that has not been widely employed in craniometrics.
Alpha is a point between Nasal Inferious and Zygoorbitale; in order to locate alpha, a line must
be projected onto the cranium connecting these two points in the Frankfort plane. The Frankfort
plane, also known as the Frankfort horizontal, is where the “external ear openings [porion] and
the lower edge of the eye orbit [orbitale] provide a standardized plane” (Burns, 1999 p. 40).
Along this line, alpha is at the deepest incurvature on the maxillary bone. If there is no
distinguishable incurvature, it is possible to bisect the line and use that point as the landmark
(Gill and Rhine, 1990; Gill et al., 1988).
Three-dimensional data collection has an advantage over conventional craniometrics
because of the preservation of special relationships between landmarks. Traditional
craniometrics rely on the distance between two points, are typically measured using sliding or
spreading calipers. More advanced craniometrics involve the use of coordinate calipers of
various types (palometer, simometer, radiometer), these instruments determine the depth of a
certain landmark relative to a line created by two peripheral landmarks, therefore involving three
landmarks. The collection of data in a Cartesian coordinate system preserves the distance and
relativity of all the landmarks taken relative to one another, essentially collecting the same data
as the traditional methods, as well as even more information.
The landmarks used for this analysis are traditionally used for measurements involving
cranial length and cranial height. Traditional craniometrics utilized the glabella-occipital length
(GOL) and nasion-occipital length (NOL) to get at the anterior protrusion of the glabella region.
However, though one could subtract NOL from GOL, the difference would not accurately
represent the anterior protrusion of the glabella region because the posterior measurement
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involved in these maximum length measurements is arbitrary. Besides being arbitrary, the
measurement on the most posterior aspect of the occipital is not related to any other landmark,
and could therefore not be triangulated. If measuring from the nasion and glabella to the lambda
was the standard, the anterior protrusion of the glabella may have been validly recorded.
However, due to the difference in angles, the mere difference would not be a valid quantification.
The distance between nasion and glabella would have to be documented, and then all of the
points would have to be triangulated to then make any inference about the anterior protrusion in
the glabella region.
The glabella region can also be evaluated using a subtense. The Glabella Projection is the
anterior curvature of the midline profile between nasion and supraglabellare, and is measured as
a subtense (Howells, 1973). Measuring this landmark as a subtense provides more information
than the arbitrary length measurements mentioned earlier, but the method still lacks the ability to
tie in this isolated morphology to the rest of the cranium. By using three-dimensional geometric
morphometrics, the landmarks preserve their spatial relationships to one another, and a statistical
analysis can be used to analyze this relationship, therefore getting at the true shape of the
glabella region and its shape relative to the rest of the cranium.

Landmark Types
Cranial landmarks can be separated into categories based on their degree of homology
(Marcus et al., 1996; O’Higgins and Vidarsdottir, 1999). Type I, Type II, and Type III are the
categories that imply the level of ambiguity involved with the definition of a landmark, and in
turn, imply the level of inter-observer error that may be associated with them (Bookstein, 1991;
Slice, 2005). A Type I landmark generally has a precise point as defined by the juncture of two
or more well-defined features. Type I landmarks are the most homologous, due to their precisely
defined location on the cranium (Bookstein, 1991). An example of a Type I landmark is the well
defined point Bregma. Bregma is the intersection of two distinct cranial sutures (the coronal and
the sagittal), and by definition rests on the frontal bone at that junction. A Type II landmark is
not as homologous as a Type I landmark, because instead of being defined by a precise point, the
Type II landmarks are defined geometrically. The placement of Type II landmarks varies more
from specimen to specimen, and also inherently varies for the observer. Generally, Type II
cranial landmarks are based on specific points that are geometrically defined (i.e. the apex of a
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curve, bisect of a line, deepest incurvature, etc.). Supraglabella is an example of a Type II
landmark; it is the deepest incurvature of a concave curve on the frontal bone in the median
plane. A Type III landmark is the least homologous, as it is defined arbitrarily and tends to
accommodate more than one aspect of the cranium. In traditional craniometrics, a Type III
landmark would be a measurement between two points; one point may be well defined, but the
opposing landmark would be fairly arbitrary in terms of its exact location on the cranium. The
measurement taken would also give information that pertains to both landmarks in the
measurement. For example, a craniometric example of a Type III landmark is the posterior
landmark used in glabella-occipital length (GOL). In this measurement, the anterior landmark is
a Type II landmark defined and fixed at glabella. The posterior landmark is taken relative to
glabella, in the search for the greatest cranial length, which makes it a Type III landmark. The
greatest cranial length (GOL) measurement makes inferences not only about cranial length, but
also about the protrusion of the frontal bone and the extent of occipital bunning. In Cartesian
coordinates, the points in GOL are recorded separately, but the posterior point is still located
relative to glabella. There are many issues that arise with the use of more arbitrary landmarks,
and this must particularly be addressed in any analysis that involves Type III landmarks (Marcus
et al., 1996; O’Higgins and Vidarsdottir, 1999).

Data Analysis
Two analyses were conducted with the coordinate data collected. The first analysis,
referred to as ‘cranial vault analysis’, focused on five canial landmarks (nasion, glabella,
supraglabella, bregma and lambda) on the sagittal plane of the cranial vault. The cranial vault
analysis used all of the European samples, the Early Homo sapiens and the Neanderthal samples.
Another analysis was then conducted using all of the previous population samples as well as the
Australian Aborigine sample population. The second analysis, referred to as ‘alpha triangulation
analysis’, was then conducted. This analysis consisted of three facial landmarks: nasal inferious,
alpha and zygoorbitale. The alpha triangulation analysis used the European samples populations,
the early Homo sapiens and the Neanderthal samples.
The Cartesian coordinate data that was originally collected was reformatted and separated
into population groups. The data was imported into Morpheus et al. (1994-99), a free online
software program that creates a visual representation of the landmark data in Cartesian
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coordinates, and allows the visual rotation of the three-dimensional data for inspection. The
landmark data was inspected for each of the cranium in both analyses. Any mistakes or missing
landmarks forced the exclusion of many of the originally digitized crania from the analyses.
After the data was visually inspected for accuracy, the remaining samples were superimposed
through generalized procrustes analysis (GPA). The generalized procrustes analysis was
performed for each separate analysis, so as not to skew the centroids for the later multivariate
statistical analyses.
The generalized procrustes analysis (GPA) translates, rotates and scales the data (Slice,
1996). This process essentially eliminates size as a variable by scaling all of the data to the same
size. The generalized procrustes analysis allowed the statistical analyses implemented in this
research to concentrate on the variation of shape evident in the samples. After each data set was
fitted using GPA, the data was analyzed using the multivariate statistical program SAS 9.2.1
(2004). In SAS, the data sets were analyzed using principal components and canonical variates
analysis. The data was then interpreted using the information resulting from the analysis.

Geometric Morphometrics
Geometric morphometric techniques are essential to studying morphology, as they ensure
that the data accurately represents the original form by preserving the geometric relationships
between landmarks and enables statistical analysis from this three-dimensional data (Zelditch et
al., 2004). Geometric morphometrics is a compilation of methods for acquiring, processing and
analyzing variables in shapes (Marcus et al., 1996; Slice, 2005). These techniques enable the
statistical analysis of landmark configurations in Cartesian coordinates (Bookstein, 1996). The
geometric aspect refers to the shape space, which is a non-Euclidean space that is associated with
the surface of a sphere (Slice, 2001). The morphometric aspect refers to how the methods
preserve the shape of an object by maintaining the inherent spatial proportions. This allows for
the integrity of the sample to be preserved for the purpose of comparing the morphological
differences in individuals and groups. Geometric morphometrics differs from traditional
morphometrics in the sense that the geometric relationships are not preserved in the latter.
Traditional morphometrics do not comply with Kendall’s shape space. In the study of cranial
morphology, geometric morphometric techniques allow for the collection of data as Cartesian
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coordinates and a heightened level of statistical capabilities to further analyze these coordinates.
(Hennesey and Stringer, 2002; McKeown and Jantz 2005; Rohlf, 1996).
Geometric morphometric techniques were previously thought to have taken place in
Kendall’s shape space (Bookstein, 1996; Rohlf, 1996), however, geometric morphometric
analyses cannot be performed in the complex realm of Kendall’s shape space, and are rather
projected into a hemispherical tangent space (Slice, 2001). The coordinates of a geometric
morphometric superimposition exist in non-Euclidean space on the surface of a hyper
hemisphere. On this hemisphere, the geometry of the coordinates is determined by
approximating their relationship with configurations in Kendall’s shape space, which is also a
curved, non-Euclidean space (Slice, 2001). In order to produce linear data compatible with
statistical analyses, these complex configurations must be projected into a linear, Euclidian space
of the appropriate dimensions (Slice, 2001).
Three dimensional geometric morphometric techniques have evolved over the years, and
though there are many superimposition techniques, generalized procrustes analysis is the most
essential and compatible technique for studying the variations in cranial morphology. An
ordinary procrustes analysis, originally suggested by Boas, looked at similar points by comparing
the minimal difference. This concept later developed into generalized procrustes analysis, which
utilizes the least squares procedure for evaluating the distance between landmarks. Geometric
morphometrics have evolved from traditional morphometric techniques, and have the ability to
preserve all of the geometric information associated with the shapes created by the
configurations of landmark coordinates (Slice, 2001).

Generalized Procrustes Analysis
Generalized procrustes analysis (GPA) is a statistically powerful mathematical
superimposition method that essentially eliminates size as a variable, while preserving the
variables present in shapes. This method breaks down complexities inherent in three dimensional
data and allows the landmark data collected by the digitizer to be compatible with statistical
analyses. GPA allows shape to be the main element of analysis, which is essential to this
research; by isolating the variables associated with shape, and reducing the variables linked to
size, the true variation between the populations can be studied.
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Generalized procrustes analysis superimposes multiple specimens to create
configurations of means that can be used for analysis. Generalized procrustes analysis essentially
translates, scales and rotates the data (Slice, 1996). The translation process configures each
sample dataset from their original ‘figure space’ (digitized form) into a ‘preform’ space where all
of the centroids are superimposed and centered onto an origin (Rohlf, 1996). The data is then
rotated into ‘form’ space by minimizing the sum of the squared distances between the landmarks
(homologous points) of all of the samples (Slice, 1996). After the data is all rotated into the same
orientation it is scaled to unit centroid size (Richtsmeier et al., 2002; Slice, 1996) where the
landmark data correlates with points in ‘shape space’ (Rohlf, 1996). In GPA, all of the landmark
data is analyzed within the same shape space, and a reference shape is created from all of the
data, which represents the overall mean. The reference object is created from a series of rotations
where all of the shapes are aligned in reference to the first form and a reference shape is
calculated, then all of the shapes are realigned in reference to another form and another reference
shape is calculated. This process continues until there is no significant difference between the
calculated reference shapes (Zelditch, et al., 2004). The reconfiguration of all of the specimens is
not a biased process, as the process of configuration is repeated using random reference shapes
from the pool of specimens until the error is minimized (McKeown, 2000). This final reference
object preserves a certain orientation and represents the least average distance between itself and
the rest of the shapes. This reference object is the foundation for the comparison of the means
within the data set as all of the means align with its fixed orientation. Once the alignment is
fixed, the samples are set into the same scale (unit centroid size), and the shape of each specimen
can be analyzed in a compatible environment void of variables associated with size.
The configurations produced from translating, rotating and scaling the Cartesian
coordinates exist in a non-Euclidean shape space. This shape space was originally thought to
exist in Kendall’s shape space (Rohlf, 1996), but Slice (2001) reexamined this and found that it
was actually the surface of a hyper-hemisphere. The configurations in shape space are not
compatible with statistical analyses, as they are not based in a linear, Euclidean shape space or
plane. In order for these configurations to be compatible, they must be projected into a tangent
space that supports Euclidean geometry. This projected space is a linear vector space that is
tangent to the non-Euclidean shape space of the hyper-hemisphere (O’Higgins & Vidarsdottir,
1999; Rohlf, 1996). This projection allows the configurations to be further analyzed.
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Generalized procrustes analysis differs from other superimposition methods because of
the implementation of procrustes distances. Procrustes distances are measures of shape distances
that are statistically valid, and are computed by summing the squared distances between
landmarks (Bookstein, 1996; Zelditch, et al., 2004). In this analysis, procrustes distances are
computed to estimate mean shapes, and the residuals produced by this process are used in the
following statistical analyses. The procrustes distances generated between the specimens in this
analysis essentially provide meaningful data relating to the morphological differences among the
samples, and according to Bookstein (1996), the procrustes distance between specimens is an
essential statistic that reveals the degree of difference evident in their morphology, and whether
it is significant.

Standard Multivariate Statistical Techniques
Principal Component Analysis
Principal components analysis is an exploratory multivariate statistical technique that
recognizes and brings out patterns and structures from the data that may not be very obvious.
The principal components analysis is dependant upon the level of correlation evident in the data
and has the potential to bring out a few combinations of the original variables that account for
most of the information and variation inherent in the data (Van Vark and Schaafsma, 1992).
Principal components analysis simplifies the existing variation in a multidimensional data set by
transforming the data to a new coordinate system. The dimensions of complex data sets are
reduced by extracting eigenvectors of the covariance matrix, which are essentially the principal
components. The principal components analysis creates axes that optimally spread the data,
representing the variation within the data. Within this new system, the first principal component
accounts for the greatest amount of variation apparent within the data. The proceeding principal
components decrease in the amount of variation evident within their component. Principal
components are not inherently correlated, and are limited to representing arbitrary forms of
variation. (Buck & Vidarsdottir, 2004; Harvati, 2003; McKeown, 2000; Tattersall, 1988;
Zelditch et al., 2004).
Each principal component has the potential to represent a specific aspect of form that
accounts for the intrinsic variation between designated groups. If generalized procrustes analysis
was not applied to the data in this analysis, size would have likely been a large principal
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component, accounting for the majority of variation between the sample populations. However,
because size was eliminated through the scaling process of GPA, the other significant principal
components can be analyzed, and their focus of variation may be inferred from the data.
Mahalanobis Distance
Mahalanobis distance is a very valuable statistic for studying cranial morphology, as it
assists with the quantitative evaluation of morphological similarities and differences (Van Vaark
and Schaafsma, 1992). Mahalanobis distances were calculated from the pooled covariance
matrix. The mahalanobis distance is the squared difference of paired means divided by the
pooled variance and covariance matrices of all of the sample groups. Mahalanobis distances
quantify the differences in variation between each sample group, and adjust for the correlations
among the variables. Mahalanobis distances provide information on the variance and covariance
in relation to the different morphological aspects involved. Because these distances are based not
only on the two groups being compared, but on all of the groups in the analysis, the results will
be different with the addition or exclusion of sample groups (Zelditch, 2004).
Canonical Variates Analysis
Canonical variates analysis is a procedure that is meant to separate the sample groups.
The canonical variates analysis is applied to the principal components, producing results that
allow for more accurate interpretations of the morphological relationship of the samples. The
canonical variates analysis separates the sample populations and provides information that may
lead to inferences about morphological differences between samples. Correlations are created in
these analyses that allude to the relationship evident in the canonical variates. Canonical variates
analysis is conducted by initially designating groups to the data samples in order to observe the
relationships and differences. This analyzes the differences between data sample groups
(populations) while taking into consideration the inherent variation within the designated groups.
Principal components were used for the canonical variates analysis to keep the variables
in the data on a manageable level. Four principal components were used from the cranial vault
analyses and two principal components were used from the alpha triangulation analysis, as this
correlates with the number of variables in each analysis. The canonical variates analysis
concentrates on the variation between groups, and provides an output that separates the data
based on the computed variation (Buck & Vidarsdottir, 2004; Harvati, 2003; McKeown, 2000;
Tattersall, 1988).
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An important element of the canonical variates analysis is the crossvalidation of the
processed data. The crossvalidation of the discriminant analysis extracts each individual sample
from their designated group, reconstructs the centroid of the group with a new discriminant
function, and then reclassifies the individual sample into whichever group its centroid is most
similar to, as if its population was unknown (Buck and Vidarsdottir, 2004). This technique
provides more information about the individual specimens within each group.
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IV. RESULTS

Two data sets were involved in this research, each using different cranial landmarks. The
first analysis, referred to as ‘cranial vault analysis,’ focused on five cranial landmarks (nasion,
glabella, supraglabella, bregma and lambda) along the sagittal plane of the cranial vault. The
sample for the cranial vault analysis included all of the European, Early Homo sapiens and
Neanderthal specimens. Another cranial vault analysis used the previous sample as well as the
Australian Aborigine sample population. A second analysis, referred to as ‘alpha triangulation
analysis,’ employed three craniofacial landmarks: nasal inferious, alpha and zygoorbitale. The
sample for the alpha triangulation analysis included European, early Homo sapiens and
Neanderthal crania.
Three-dimensional coordinate data were analyzed with Morpheus et al. (Slice 1994-99), a
free software program that allows for the analysis of multidimensional data. The generalized
procrustes analysis (GPA) was applied to the data; translating, rotating and scaling the three
dimensional configurations. This process extracts size and stores it as a variable labeled centroid
size allowing for subsequent statistical analyses to concentrate on the shape variation, but size
information can be included as well.
The generalized procrustes analysis produced fitted data that could be quantitatively
analyzed as well as visually represented. The fitted coordinates were analyzed using standard
multivariate statistics. The visual results represent the morphological differences present among
the mean configurations. The images in Figure 3 depict the fitted group mean configurations for
each analysis and the variation present among the groups.
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Australian Aborigine Cranial Vault Analysis

European Cranial Vault Analysis
Br

Br

La
Sg
Gl

La

Neanderthals

Sg
Gl

Na

Neanderthals

Na

Image 1

Image 2

Alpha Triangulation Analysis
Al
Northern Europeans
Zo
Ni

Image 3

Image 1 & Image 2: Nasion (Na), Glabella (Gl), Supraglabellare (Sg), Bregma (Br), Lambda (La).
Image 3: Nasal Inferious (Ni), Alpha (Al), Zygoorbitale (Zy).

Figure3: Group Mean Configuration Plots With Fitted Data

In the European cranial vault analysis, the Neanderthal group mean appears
morphologically different from all of the other sample population means. The Neanderthal
cranial profile is low in comparison to the European and Early Homo sapiens profiles. It appears
that the cranial landmark bregma is responsible for this difference as it is much more inferiorly
positioned. It is also noteworthy that the landmark glabella also appears different for the
Neanderthal mean when compared to the other populations as it is positioned more anteriorly and
superiorly. These morphological differences hold true for the cranial vault analysis that includes
the Australian Aborigine sample population.
The group mean configurations for the alpha triangulation analysis appear to be more
uniform overall. The group mean for the Northern Europeans stands out at the landmark alpha,
as it is slightly more oriented to the posterior than the rest of the group means (note that the axes
in the alpha triangulation window of Figure 3 are tilted to reveal the shape of the landmarks, so
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what may appear to be a superior orientation in two dimensions is actually more posterior in its
original context).

Cranial Vault Analysis
European Populations, Early Homo sapiens & Neanderthals
The fitted coordinates were analyzed using principal component analysis and canonical
discriminant analysis. A total of fifteen variables, the Cartesian coordinates (x,y,z) for each of
the five landmarks (nasion, glabella, supraglabella, bregma and lambda) were subjected to
principal component analysis. The first four eigenvalues reveal that 96% of the overall variation
in the data is contained within the first four principal components. The first eigenvalue shows
that the first principal component accounts for 73.27% of the total variation. The second
eigenvalue accounts for 13.71% of the variation, but the third (6.3%) and the fourth (2.46%) do
not represent very much of the variation (Table 3). Since the first four eigenvalues account for
96% of the variation in the covariate matrix, only the first four principal components (PCs) were
used for the canonical discriminant analysis.
Pairwise generalized squared differences (Mahalanobis D2) between groups were derived from the
pooled covariance matrix. The Mahalanobis distances between each population sample demonstrate the
variation evident between the populations, with the smallest distance being between the northern
Europeans and the eastern Europeans. The Neanderthal sample has the highest overall distance from each
of the other population samples (Table 4).
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Table 3: Eigenvalues of the Covariance Matrix

Eigenvalue

Difference

Proportion

Cumulative

1

0.0042937

0.00349028

0.7327

0.7327

2

0.00080342

0.00043397

0.1371

0.8698

3

0.00036945

0.00022526

0.063

0.9328

4

0.00014418

0.00003588

0.0246

0.9574

5

0.0001083

0.00003894

0.0185

0.9759

6

0.00006936

0.00003309

0.0118

0.9878

7

0.00003627

0.00000933

0.0062

0.9939

8

0.00002694

0.00001876

0.0046

0.9985

9

0.00000818

0.0000081

0.0014

0.9999

10

0.00000008

0.00000001

0

1

11

0.00000008

0.00000001

0

1

12

0.00000007

0.00000002

0

1

13

0.00000004

0

0

1

14

0.00000004

0.00000001

0

1

15

0.00000003

0

0

1

Table 4: Mahalanobis Distance

Central European
Early Homo

Central

Early Homo

Eastern

European

sapiens

European

0

Neanderthal
Northern European

Neanderthal

European

2.6513

1.03499

26.92319

1.15881

0

1.60075

16.59049

0.73846

1.03499

1.60075

0

27.86856

0.65525

26.92319

16.59049

27.86856

0

22.36089

1.15881

0.73846

0.65525

22.36089

0

2.6513

sapiens
Eastern European

Northern

A canonical discriminant procedure was conducted using the first four principal
components. Three non-zero canonicals were produced by this analysis. The eigenvalues of
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canonical variates one and two account for roughly 98% of the variation. The proportion of
differences evident in the first canonical is 92.47%, and the second canonical has a proportion of
merely 6%. The p value for the first canonical is less than .0001, which indicates that it is
significant. The first canonical variate is the only significant canonical, and it accounts for the
majority of the variation in the analysis (Table 5).

Table 5: Canonical Discriminant Analysis

Likelihood

Aproximate

Ratio

F Value

Eigenvalue

Difference

Proportion

Cumulative

P Value

1

2.7343

2.5569

0.9247

0.9247

0.2175838

4.6

<0.0001

2

0.1773

0.1372

0.06

0.9847

0.8125131

0.92

0.5145

3

0.0401

0.035

0.0136

0.9983

0.9565833

0.44

0.781

The analysis also produced canonical scores for each specimen, which assist with the
interpretation of the morphological relationship between the samples. The graph of the sample
crania along canonicals 1 and 2 (Figure 4) shows the distribution of the samples related to
morphological affinity. The first canonical is the only significant canonical in this analysis. The
Neanderthals are clearly located at the negative end of the first canonical, and no other samples
fall within their area. The early Homo sapiens are also weighted more towards the negative end,
but are more equally distributed and also fall within the same area as the European samples. A
few of the samples from the Northern European sample population are also located on the
negative side of the first canonical. A Central European sample is the most positively located
crania on the first canonical.
The discriminant procedure classified individual cases using resubstitution. The
Neanderthals were all classified into their sample population, and no other samples were
classified into the Neanderthal population group. The rate of error was evaluated by examining
the misclassification of individuals from one population being classified into a different
population (Table 6). The Neanderthals were the only population sample without any error, and
the error rate of the Northern European sample population was 100%. This implies that the
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Neanderthals were very unique in their morphology compared to the rest of the samples, and
were therefore easily classified into their own category. The Northern European samples, on the
other hand, were not as morphologically unique, and were mistakenly classified into other
populations without one of their samples being classified into their own. Another explanation for
the 100% error rate is that the centroid for this population may have been so skewed by the
diversity of the specimens within it that it may not have been similar to any of them.

European Cranial Vault Analysis
6
5
4
3
Canonical 2

2
1
0
-6 -5 -4 -3 -2 -1-1 0

1

2

3

4

5

6

Central European
Northern European
Eastern European
Neanderthal
Early Homo sapiens

-2
-3
-4
-5
-6
Canonical 1

Figure 4: Canonicals of the European Cranial Vault Analysis
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Table 6: Resubstitution Error Count Estimates for Populations

Central

Early Homo

Eastern

Euopean

sapiens

European

Rate

Northern
Neanderthal

European

Total

0.4286

0.3571

0.6364

0

1

0.2

0.2

0.2

0.2

0.2

Priors

0.4844

Table 7: Cross-Validation Summary using Linear Discriminant Function
Number of Observations and Percent Classified into Population

Population

Central E

Early HS

Eastern E

Neanderthal

Northern E

Total

Central E

0

2

3

0

2

7

0%

28.57%

42.86%

0%

28.57%

100%

0

6

4

1

3

14

0%

42.86%

28.57%

7.14%

21.43%

100%

5

1

2

0

3

11

45.45%

9.09%

18.18%

0%

27.27%

100%

0

0

0

5

0

5

0%

0%

0%

100%

0%

100%

1

4

3

0

0

8

12.50%

50%

37.50%

0%

0%

100%

6

13

12

6

8

45

13.33%

28.89%

26.67%

13.33%

17.78%

100%

0.2

0.2

0.2

0.2

0.2

Early HS

Eastern E

Neanderthal

Northern E

Total

Priors

The cross-validation technique tests the accuracy of the discriminant functions (Table 7).
An early Homo sapiens specimen was misclassified into the Neanderthal group. The total error
count for the cross-validation technique was relatively high (67.79%) compared to the
resubstitution results, which had a total error of 48.44%. The error for the Central European
population sample increased from only 42.86% to 100% with the cross-validation technique. The
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error count for the Early Homo sapiens population increased from 35.71% to 57.14%. The error
for the Eastern European population sample increased from 63.64% to 81.82%. The errors for
the Neanderthal sample and the Northern European population sample stayed the same in each
classification (Table 8).

Table 8: Cross-Validation Error Count Estimates for Populations

Central

Early Homo

Eastern

European

sapiens

European

Northern
Neanderthal

European

Total

Rate

1

0.5714

0.8182

0

1

Priors

0.2

0.2

0.2

0.2

0.2

0.6779

These procedures also go beyond mere error recognition by also allowing for inferences
about population similarities and differences. In this sense, populations that are more similar and
have less morphological variation will be more likely to classify as one another. Populations that
have more of a morphological difference will have less error because they will not be as easily
misclassified. The results from the discriminant procedures imply that the European populations
were difficult to differentiate, but the early Homo sapiens and the Neanderthals were more
distinct, and therefore had lower rates of error.

European Populations, Early Homo sapiens, Neanderthals & Australian Aborigines
The analytical procedures were the same as before, but in this analysis the Australian
Aborigine crania were included. The first four eigenvalues reveal that 96% of the overall
variation in the data is contained within the first four principal components. The first eigenvalue
shows that the first principal component accounts for 69.62% of the total variation. The second
eigenvalue accounts for 16.18 % of the variation, but the third (6.96%) and the fourth (2.7%) do
not represent very much of the variation (Table 9). Since the first four eigenvalues account for
96% of the variation in the covariate matrix, only the first four principal components (PCs) were
used for further analysis.
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Pairwise generalized squared differences (Mahalanobis D2) between groups were generated from
the pooled covariance matrix. The Mahalanobis distances between each group demonstrates the variation
present, with the smallest distance being between the Central Europeans and the Australian Aborigines.
The Neanderthals have the highest overall distance from each of the other population samples (Table 10).
Three non-zero canonicals were calculated from the canonical analysis. The eigenvalues
of the first and second canonical variates account for roughly 98% of the variation. The
proportion of differences evident in the first canonical is 89.61%, and the second canonical has a
proportion of merely 7.67%. The P value for the first canonical is less than .0001, which
indicates it is significant. The first canonical variate is the only significant canonical, and it
accounts for the majority of the variation in the analysis (Table 11).

Table 9: Eigenvalues of the Covariance Matrix

Eigenvalue

Difference

Proportion

Cumulative

1

0.00381189

0.00292618

0.6962

0.6962

2

0.00088571

0.00050486

0.1618

0.858

3

0.00038086

0.00023302

0.0696

0.9276

4

0.00014783

0.00004786

0.027

0.9546

5

0.00009997

0.00001994

0.0183

0.9728

6

0.00008003

0.00004554

0.0146

0.9875

7

0.00003449

0.00000924

0.0063

0.9938

8

0.00002525

0.00001664

0.0046

0.9984

9

0.00000861

0.00000852

0.0016

0.9999

10

0.00000009

0.00000001

0

1

11

0.00000007

0.00000001

0

1

12

0.00000007

0.00000001

0

1

13

0.00000005

0.00000001

0

1

14

0.00000004

0.00000002

0

1

15

0.00000003

0

1
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Table 10: Mahalanobis Distance

From Population

Australian

Central

Early Homo

Eastern

Aborigine

European

sapiens

European

Northern
Neanderthal

European

Australian
Aborigine

0

0.48442

1.00492

0.78272

17.10413

0.89639

Central European

0.48442

0

2.16453

0.90828

21.28993

0.9856

Early Homo sapiens

1.00492

2.16453

0

1.38007

13.59901

0.65019

Eastern European

0.78272

0.90828

1.38007

0

22.76783

0.60216

17.10413

21.28993

13.59901

22.76783

0

18.38489

0.89639

0.9856

0.65019

0.60216

18.38489

0

Neanderthal
Northern European

Table 11: Canonical Discriminant Analysis

Likelihood

Aproximate F

Ratio

Value

Eigenvalue

Difference

Proportion

Cumulative

P Value

1

1.9806

1.811

0.8961

0.8961

0.27046757

3.39

<0.0001

2

0.1696

0.1171

0.0767

0.9728

0.8061641

0.81

0.6432

3

0.0526

0.0449

0.0238

0.9966

0.94289374

0.44

0.8515

The graph of canonicals 1 and 2 (Figure 4) shows the distribution of the specimens
relative to one another based on their canonical scores. The first canonical is the only significant
canonical in this analysis. These results are very similar to the European cranial vault analysis
but there are a few minor differences. The Neanderthals are clearly located at the negative end of
the first canonical, and no other samples fall within their range. An Australian Aborigine, a
Northern European and an early Homo sapiens cranium are all relatively close to the Neanderthal
samples, though slightly more positive. The graph shows these three crania are closer to the
group of Neanderthal samples than to most of the Europeans on the positive end of canonical 1.
The early Homo sapiens and the Northern Europeans are in the middle of the graph, though the
early Homo sapiens are weighted slightly more towards the negative side. The Australian
Aborigines are all within the range of the European samples, and all except one are on the
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positive side of the graph. The Central European and Eastern European crania are at the most
positive end of the first canonical.
The discriminant procedure classified individual cases using resubstitution. All of the
Neanderthals were all classified into the Neanderthal sample population. An Australian
Aborigine and an early Homo sapiens were classified into the Neanderthal group. The rate of
error was evaluated by examining the misclassification of individuals from one group being
classified into a different group (Table 12). The Neanderthals were the only group without any
error, and the error rate of the Australian Aborigine group was 100%. This implies that the
Neanderthals were very unique in their morphology compared to the rest of the samples, and that
the individuals in the Australian Aborigine sample were not as unique, as they were mistakenly
classified into other populations without any specimens being classified into their own. It is also
possible that the 100% error rate was caused by a skewed centroid for this population based on
the diversity of the samples and sample size error.

Figure 5: Canonicals of the Australian Aborigine Cranial Vault Analysis

Australian Aborigine Cranial Vault Analysis
5
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3

Canonical 2
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0
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4

5

Central European
Northern European
Eastern European
Australian Aborigine
Neanderthal
Early Homo sapiens

-3
-4
-5
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Table 12: Resubstitution Error Count Estimates for Populations

Australian

Central

Early Homo

Eastern

Aborigine

Euopean

sapiens

European

Rate
Priors

Northern
Neanderthal

European

1

0.7143

0.5714

0.5455

0

0.875

0.1667

0.1667

0.1667

0.1667

0.1667

0.1667

Total
0.6177

Table 13: Cross-Validation Summary using Linear Discriminant Function
Number of Observations and Percent Classified into Population

Population

Australia

Central E

Early HS

Eastern E

Neanderthal

Northern E

Total

Australia

0

3

1

1

1

0

6

0%

50%

16.67%

16.67%

16.67%

0%

100%

3

0

1

1

0

2

7

42.86%

0&

14.29%

14.29%

0%

28.57%

100%

2

0

4

3

1

4

14

14.29%

0%

28.57%

21.43%

7.14%

28.57%

100%

2

3

2

2

0

2

11

18.18%

27.27%

18.18%

18.18%

0%

18.18%

100%

0

0

0

0

5

0

5

0%

0%

0%

0%

100%

0%

100%

0

1

3

3

1

0

8

0%

12.50%

37.50%

37.50%

12.50%

0%

100%

7

7

11

10

8

8

51

13.73%

13.73%

21.57%

19.61%

15.69%

15.69%

0.1667

0.1667

0.1667

0.1667

0.1667

0.1667

Central E

Early HS

Eastern E

Neanderthal

Northern E

Total

Priors

100%

The cross-validation technique tests the accuracy of the discriminant functions (Table
13). An early Homo sapiens specimen, an Australian Aborigine specimen, and a specimen from
Northern Europe were misclassified into the Neanderthal group. The total error count for the
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cross-validation technique (75.54%) was higher then the error for the resubstitution results,
which had a total error of 61.77%. The error for the Australian Aborigines remained the same at
100%. The error for the Central European group increased from only 71.43% to 100%. The error
count for Early Homo sapiens increased from 57.14% to 71.43%. The error for the Eastern
European group increased from 54.55% to 81.82%. The error from the Northern Europeans
increased from 87.5% to 100%. The errors for the Neanderthals (0%) stayed the same in each
classification. (Table.14)

Table 14: Cross-Validation Error Count Estimates for Populations

Australian

Central

Early Homo

Eastern

Aborigine

Euopean

sapiens

European

Northern
Neanderthal

European

Total

Rate

1

1

0.7143

0.8182

0

1

Priors

0.1667

0.1667

0.1667

0.1667

0.1667

0.1667

0.7554

These statistical results emphasize similarities and differences between and among the
population samples. Populations that are morphologically similar are more prone to error
because they are not very distinguishable. Populations that are more morphologically distinct
have less error because they are not as easily misclassified. The addition of the Australian
Aborigine sample population to this analysis changed a few things. In comparison to the
European cranial vault analysis, more samples were classified as Neanderthals in the
discriminant procedures. The classification error for the Neanderthals was 0%, and did not
change, which emphasizes their unique cranial vault morphology.

Alpha Triangulation Analysis
European Populations, Early Homo sapiens & Neanderthals
The analytical procedures were the same as before, but in this analysis a total of nine
variables, the Cartesian coordinates (x,y,z) for each of the three landmarks (nasal inferious, alpha
and zygoorbitale) were used. The first two eigenvalues of the covariance matrix are relatively
significant. The first two eigenvalues reveal that 99.7% of the overall variation in the data is
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contained within the first two principal components. The first eigenvalue shows that the first
principal component accounts for 78.42% of the total variation. The second eigenvalue accounts
for 21.24% of the variation, but the rest of the eigenvalues do not represent very much of the
variation evident in the variables (Table 15). Since the first two eigenvalues account for nearly
100% of the variation in the covariate matrix, only the first two principal components (PCs) were
used for further analysis.
Pairwise generalized squared differences (Mahalanobis D2) between groups were derived from the
pooled covariance matrix. The Mahalanobis distances between each population sample demonstrates the
variation evident between the populations, with the smallest distance being between the Eastern
Europeans and the Early Homo sapiens. The early Homo sapiens and Neanderthal groups are also
relatively close. Unlike the cranial vault analyses, the Neanderthal group does not have the highest overall
distance from the other population samples. Instead, the distances are widely distributed between the
groups (Table 16).

Table 15: Eigenvalues of the Covariance Matrix

Eigenvalue

Difference

Proportion

Cumulative

1

0.00705828

0.00514639

0.7842

0.7842

2

0.00191189

0.0018819

0.2124

0.9966

3

0.00002999

0.00002983

0.0033

1

4

0.00000015

0.00000008

0

1

5

0.00000007

0

0

1

6

0.00000007

0

0

1

7

0.00000007

0.00000002

0

1

8

0.00000004

0.00000002

0

1

9

0.00000003

0

1
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Table 16: Generalized Squared Distance to Pop

From Population

Central

Early Homo

Eastern

European

sapiens

European

Central European

Northern
Neanderthal

European

0

1.7695

0.98486

2.40203

0.76763

1.7695

0

0.15426

0.30997

1.04085

Eastern European

0.98486

0.15426

0

0.73715

0.8848

Neanderthal

2.40203

0.30997

0.73715

0

0.8069

Northern European

0.76763

1.04085

0.8848

0.8069

0

Early Homo sapiens

A canonical discriminant procedure was conducted using the first two principal
components. Canonicals one and two were the only canonical correlations produced by this
analysis, the canonicals from two on were all equivalent to zero. The eigenvalues of canonical
variates one and two account for 100% of the variation. The proportion of differences evident in
the first canonical is 66.76%, and the second canonical has a proportion of 33.24%. The P value
is not significant for either of the canonicals, because the P value is greater than 0.01 (Table 17).

Table 17: Canonical Discriminant Analysis

Likelihood

Aproximate F

P

Ratio

Value

Value

Eigenvalue

Difference

Proportion

Cumulative

1

0.2783

0.1397

0.6676

0.6676

0.6871277

1.44

0.1987

2

0.1385

0.3324

1

0.878332

1.34

0.2809

Due to the insignificance of the canonical correlation value, the canonical variates
analyses and disciminant functions produced through SAS 9.2.1 (2004) are irrelevant and will
not be discussed any further. The alpha triangulation analysis was not conducted using the
Australian Aborigine sample population because the significance would have likely been even
less, as noted with the cranial vault analysis.
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V. DISCUSSION

Interpretation of Results
The cranial vault analysis and the alpha triangulation analysis produced a range of results.
These analyses were affected by the cranial landmarks used, the samples involved, and the size
of each of the group samples. Geometric morphometric techniques and standard multivariate
statistical methods were applied to both analyses.
The three dimensional data collected from the cranial samples were initially
superimposed using generalized procrustes analysis in order to eliminate the variable of size in
order to concentrate on the morphological variation inherent in the data. After the three
dimensional coordinates were fitted using generalized procrustes analysis, standard multivariate
statistics were employed.
The significance of the principal component variance represents certain morphological
indicators that are of higher frequency within each sample population. Each principal component
ideally represents aspects of the overall morphological variation (e.g. size, cranial length, cranial
width, etc.). In the cranial vault analyses, the first two principal components of the covariance
matrix account for over 86% of the total variation. The first two principal components in the
alpha triangulation analysis cumulatively represent 99.7% of the total variation. The
concentration of the overall variation in the first two principal components of this analysis
emphasizes the significance of only a few components of the underlying morphology. This
differs from the cranial vault analysis, where the variation is orthogonally distributed among the
remaining principal components revealing supplemental differences inherent in the morphology
involved. The differences between the analyses may be due to a variety of factors that might
include the different landmarks used in each analysis, the variations inherent in the different
groups and the variation evident in the underlying morphology being studied.
The pooled covariance matrix produced pairwise generalized squared distances
(Mahalanobis D2) between the groups. The European cranial vault analysis has a broad range of
distances between the populations (0.65525 to 27.86856), with the closest being between the
Northern and Eastern European populations and the farthest between the Eastern European and
Neanderthal population samples. The Australian Aborigine cranial vault analysis produced a
slightly less extreme range (0.48442 to 22.76783), with the closest being between the Central
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European and Australian Aborigine populations and the farthest between the Eastern European
and Neanderthal sample populations. The alpha triangulation analysis produced the smallest
range (0.15426 to 2.40203), with the closest being between the early Homo sapiens and the
Eastern European populations and the farthest between the Central European and Neanderthal
sample populations. The Neanderthal sample is consistently at the greatest distance from the rest
of the populations in the cranial vault analyses, but is within the range of the rest of the groups in
the alpha triangulation analysis. The distances from the Neanderthal population to the modern
Homo sapiens populations in each of the analyses are indicative of the morphological difference.
However, when compared to the average differences between the early Homo sapiens sample
and the modern Homo sapiens populations in all of the analyses, the meaning of each analysis
emerges. The early Homo sapiens sample and the Neanderthal sample are different from the
other samples because they represent a more diverse underlying population that existed over a
long period of time, a large geographic area and had an unknown cultural relationship. The
cranial vault analyses separate these two samples, insinuating a stronger relationship between the
early Homo sapiens and the modern Homo sapiens samples while reaffirming a morphological
rift between the Neanderthal sample and the modern Homo sapiens. However, the distances
represented in the alpha triangulation analysis are much closer, and the Neanderthals did not
stand out as having greater distances to the other populations. These biological distances reflect
the differences and similarities in cranial morphology between the groups. The range of distances
produced from the alpha triangulation analysis and the cranial vault analyses are indicative of the
variety of results that are possible in analyses of this nature. This emphasizes the importance of
choosing landmarks in an unbiased manner.
A canonical discriminant analysis was conducted using the statistical software program
SAS. The canonical variates analysis is a standard statistical technique used to separate groups of
data. The canonicals represent the differences that most effectively separate the groups involved
in the analysis. The canonical variates for both of the cranial vault analyses were significant for
the first canonical only, and none of the canonicals in the alpha triangulation analysis were
significant. The significance of the first canonical variate represents the greatest difference
evident in the analyses. In both of the cranial vault analyses, the first canonical mean for the
Neanderthal and early Homo sapiens groups are negative, and the first canonical mean for the
Neanderthal sample is proportionally lower than that of the early Homo sapiens sample. The first
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canonical variate in the Australian Aborigine cranial vault analysis for the Australian Aborigine
sample population linearly falls between the early Homo sapiens sample and the European
population samples. The European samples are clustered on the positive extreme, and the
Australian Aborigine sample and the early Homo sapiens sample fall within the range of the
modern European sample population cluster. The distance between the Neanderthal sample and
the rest of the samples as represented by the first canonical variate implies a significant
morphological difference. The implications of the analysis suggest that there is something
inherent in the shape of the crania that distinguishes the Neanderthal sample from the rest of the
groups.
Discriminant analyses generated linear discriminant functions designed to classify
individual specimens by groups. The classification results involve resubstitution and crossvalidation using linear discriminant functions. The European cranial vault analysis produced
100% accuracy for the classification of the Neanderthal group, but the accuracy for the
remaining groups were significantly lower, ranging from 64% to 0%. The Australian Aborigine
Cranial Vault analysis exhibited 100% accuracy for the classification results for the Neanderthal
group. All of the other groups in the same analysis exhibited relatively low classification
accuracy (less than 50%). In the European cranial vault analysis, a cranium from the early Homo
sapiens sample was misclassified into the Neanderthal sample in the cross-validation technique.
In the Australian Aborigine cranial vault analysis, an Australian Aborigine and an early Homo
sapiens sample cranium were both classified as Neanderthal in the resubstitution using linear
discriminant functions. In the cross-validation of the same analysis, a Northern European
specimen cranium was additionally misclassified into the Neanderthal group. Interestingly
enough, the only difference that accounts for the additional misclassifications into the
Neanderthal group is the addition of the Australian Aborigine sample population. In Figure 6, the
individual samples that were misclassified into the Neanderthal group are presented in
comparison to the group means. It is clear that the landmark bregma in all of these specimens is
located much more inferiorly than their associated group means. These individual specimens
have a unique morphology compared to their associated groups, which adds to the issue of
sample size. These unique individuals are clearly closer in morphology to Neanderthals than
their associated group means, and it begs the question that if all the samples were like this, then
what would the statistics say? These unique specimens also reveal an interesting pattern that can
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be seen in the canonical plot of the Australian Aborigine cranial vault analysis (Figure 5) of the
Results chapter. In Figure 6, the cranial profiles represent the specimens that are concentrated in
a tight group along the first canonical.

Figure 6: Individual Samples Compared to Group Means from the Australian Aborigine Cranial
Vault Analysis

Vl4545: Neanderthal

vl4293b: Northern European
Br

La
Sg
Gl
Na
Australian Aborigine Cranial Vault Analysis
Group Means

991/3233: Early Homo sapiens

99/8178: Australian Aborigine

Nasion (Na), Glabella (Gl), Supraglabellare (Sg), Bregma (Br), Lambda (La)

Despite the seemingly concrete morphological distance evident in the canonical variates
analysis, the posterior probabilities of group membership create a different picture. The posterior
probabilities are created from linear discriminant functions for the resubstitution and the results
shed light on the morphological variation present in the samples.
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The canonical variates analysis works best when the groups being compared are different
because it was designed to separate data. In each of the cranial vault analyses, it is clear that the
Neanderthal sample is morphologically different from the rest of the sample populations.
However, the rest of the sample populations are not very different and not easily statistically
distinguishable, which implies some similarity. However, the alpha triangulation analysis does
not represent viable differences between the sample populations, so it does not differentiate
Neanderthals morphologically from the rest of the population samples. Essentially, the
landmarks chosen to study these morphological differences directly correlate with the outcome
of the analysis. The meaning inferred by these analyses in terms of species boundaries, and
population relationships is essential to understanding the Neanderthal issue.
The selection of data and samples is a crucial aspect of any analysis. The inclusion and
exclusion of certain samples is important to the overall results. For example, if a very robust
male population was morphologically compared to multiple female groups, then there would
likely be a significant difference, and though this difference may be obvious, it would be a
different case if the sex was unknown. Cranial characteristics are also essential; by choosing
cranial characteristics that separate samples, researchers concentrate on the differences and
ignore the significance of the similarities. Using differential characteristics may seem like a
logical way to examine populations, but it is inherently tautological. If the characteristics are
chosen because they would be good for separating, then they will likely separate. The method for
choosing traits that separate one sample population from another is inherently biased.
In the case of the Neanderthals, there are multiple areas of the cranium that exhibit
distinct traits. Neanderthals have several unique, derived characteristics, such as their robust
lateral brow ridges, low cranial vault height, rounded posterior cranial form, occipital bun,
swollen midfacial area, lack of chin and large dentition. In comparison to early modern humans
and especially modern humans, these derived traits stand out. If these traits are all that were
studied in terms of Neanderthal crania, the similarities would never be noticed. Neanderthal
morphology is unique, and though the degree of uniqueness is arguable, the traits still exist. It is
more important to explore the reasons behind the existence of certain differential traits than to
merely argue the differences. The effect of natural selection on Neanderthal cranial
characteristics is essential to the overall morphological interpretation of these fossil crania.
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Environmental and cultural factors have an effect on the morphology of any population and it is
imperative to consider these influences when interpreting morphology. The majority of the
unique Neanderthal characteristics are related to mastication. Neanderthal dentition is large and
aspects of the cranium related to such mastication are robust as well. Explanations for these
morphological characteristics revolve around Neanderthal eating habits, cultural changes and
evolving tool use (e.g. Brace, 1995; Wolpoff, 1999; Klein, 1999). It is not necessary to have a
selective adaptation directly associated with these characteristics, as the relaxation of natural
selection and the probable mutation effect may exhibit similar levels of morphological variation.
With these theories in mind, it is also possible that Neanderthals evolved culturally and lost the
selective pressure associated with their dentition, therefore reducing the cranial morphology
connected to such an adaptation.
The rate of morphological change is critical to understand Neanderthal morphology in an
evolutionary context. For example, if a sudden rate of change occurred within the Neanderthal
population, which reduced the classic Neanderthal characteristics to a level within the range of
modern humans, it is possible that the fossil record might never capture the physical changes
because the assimilation would have happened too quickly (quickly, in this context refers to
thousands of years). It is difficult to predict phenotypic changes reflected from underlying
genetic changes; the underlying genetic changes are susceptible to a variety of factors. Small
populations have a tendency to maintain the most extreme genes, as their fluctuation within the
gene pool is highly concentrated. In a large gene pool, a gene, whether advantageous or
deleterious, may eventually gain neutrality, but it may also quickly fade depending on
reproductive patterns, environmental and cultural issues as well as chance. In a small population,
a few generations of reproduction may spread a gene whether it is deleterious or advantageous.
The study of the genetic nature of Neanderthals is continuously evolving, and there is a high
potential for more information from this area in the future. Many of the genetic studies in the
past have concentrated on mitochondrial DNA, and are based on assumptions concerning rates of
mutation. However promising these advancements may seem, the assumptions these studies they
are based on are theoretical and subject to criticism. The promise of nuclear DNA is exponential,
but elements of discretion within each analysis will persist until all contrary aspects are
disproved. As methods of DNA research evolve, there will be considerably more information to
accompany the morphologically based theories. The combination of all of this research will
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alleviate many of the persistent problems, and in turn create a more holistic view. (Kimura, 1979;
Molnar, 2002)
Morphological analyses involving fossil samples are inherently plagued with arbitrary
population boundaries and small sample sizes. The Neanderthal fossils that exist do not
necessarily represent a population, but are often analyzed as such because of the standard types
of analyses used. The canonical variates analysis is an example of an analysis that uses
individual samples within the comparison (as done with the cross-validation matrix). In this
analysis, each sample is compared to all of the sample populations, and assigned to the
statistically closest sample population. This compatibility is determined by the quantitative
representation of each sample relative to each population’s centroid, while the sample being
assessed is removed from its originally designated population in order not to skew the results.
However, by comparing each individual sample to the mean or centroid of a population, there is
an inherent discrepancy within each sample population which may produce misleading results.
This discrepancy is based on the ambiguity of the designated populations relative to space and
time, as well as the ambiguity created by a centroid that emphasizes the average while diluting
the extremes. One way to resolve this is to compare individual samples to other individual
samples, which represent the means and extremes of any given population. In most population
comparisons these techniques are very useful, but with the case of the Neanderthals, where
understanding morphological extremes is crucial, it does not include all of the information.
One of the main issues evident in many statistical analyses is the definition of the groups
being analyzed. Each Neanderthal specimen is defined as a Neanderthal, but ironically that
definition is maintained because it is predefined. The traits that separate Neanderthals are
documented and used to separate them further, which maintains the initial bias throughout the
entire analysis. Definitions of groups are difficult, especially in terms of morphology, because
they may not always be exclusive, and they may not account for all of these exceptions.
Definitions of populations, species, subspecies, races, etc. have a degree of ambiguity. Living
organisms constantly evolve and interact with other organisms as well as their environment,
which impacts their morphology and genetic makeup.
The definition of a species is also essential to the Neanderthal issue. Technically, there
are three main components involved in defining a species: organisms within a species are
morphologically similar, produce fertile offspring and are reproductively isolated. The
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morphological difference between species does not necessarily parallel the genetic distance.
Some organisms may appear to be very different, but are genetically similar, while other
organisms may appear very similar, but are genetically distant. In an evolutionary perspective,
organisms may be considered the same species when they have a common ancestor until the
organisms genetically diverge to the point of reproductive differences that allocate them to
different species. (Mayr, 1963; Reitz, 1999; Tattersall, 1988)
The Neanderthal debate is naturally based around the species concept. It is debated
whether Neanderthals are within the Homo sapiens species and designated as a subspecies
(Homo sapiens neanderthalensis), or reproductively separate, and make up an entirely different
species (Homo neanderthalensis). This is a particularly difficult issue considering that the only
completely reliable information currently available as evidence for this debate is pure
morphology (DNA evidence exists in supplement to morphology, but is still based on broad
assumptions that limit any conclusive elements). In terms of morphology, little can be accurately
inferred about species. The degree of similarity evident in morphology can only be defined in a
relative sense. There are no clear morphological boundaries that separate samples that have an
overall similarity. Statistical analyses shed light on probabilities, arbitrary distances and overall
similarities between samples, but they cannot define a species. The species of evolution have
hypothetical and somewhat arbitrary guidelines that are based on cultural objects, morphological
characteristics or temporal distance. Much like the cascading effect in geographical speciation,
human evolution may also exhibit a temporal cascading effect. However, it is easier to quantify
and substantiate existing specimens in a geographical cascading effect than it is to use a limited
sample in a large time frame to establish the same conclusion in terms of human evolution. The
species concept is interesting in the perspective of time, as species may stay isolated, or they may
spread to a point of isolating subgroups to the degree of forming different groups that become
reproductively incompatible over time. Species may also change slowly over time, creating
descendant species that may differ from the ancestral species if compared to one another. A true
species can only exist at a certain point in time. (Harvati, 2003; Mayr, 1963; Tattersall, 1988)

Discussion of Errors
Possible error is present in these analyses, affecting not only the results, but the overall
interpretation as well. Many of these errors are common, and many of them are relatively
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insignificant, but they all contribute to the outcome. Error can be attributed to the equipment,
data collection techniques, and overall human error. Other errors have been knowingly worked
into the analysis with the intent of accommodating them in the concluding interpretation. These
errors are in the form of ambiguous landmarks, small sample sizes and the definitive ambiguity
of morphological relationships when inferring species boundaries. It is crucial to recognize the
errors inherent in any analysis and weigh them accordingly in the interpretation.

Inherent Errors
Errors are inherent in the data collection processes involved in these analyses. There are
intrinsic errors in the instruments used in the analyses, as well as the additional human errors.
The precise nature of the digitizer and the succinct definitions of the cranial landmarks as
defined by Howells assisted with minimizing such error. According to Ousley & McKeown
(2001), a digitizer is accurate to .23mm, and this slight error is attributed to the movement of the
arm of the digitizer. The possible human errors involve the precise placement of the point of the
digitizer, the interpretation of the cranial surface in the placement of cranial landmarks, and the
interpretation of the definition of the landmark being digitized. The level of error naturally
increases with the arbitrary nature of the landmarks. Many landmark definitions are esoteric and
inconsistent, which requires the observer to define each landmark in a replicable manner.
Landmark Type Errors

The interpretation of various landmark types can be crucial

to the overall interpretation of a statistical analysis. Type I, II and III landmarks are subject to
different levels of error. Landmarks vary in degrees of homology, with the most homologous
being the most replicable individual to individual. Type I landmarks have a precise definition
and involve little error, where Type III landmarks are more ambiguous, subject to different
interpretations of the morphological surface, and therefore have an inherent increased level of
error.
The most homologous landmarks are more accurate in their potential replication of data
collection by various trained researchers and their accuracy is not necessarily based on the
consistent location of the landmark on the sample crania. Type I landmarks can be recorded in a
predictable range on the cranial surface that can be replicated by separate observers with little
inter-observer error. On the other hand, Type III landmarks are more arbitrary and subject to the
interpretation of an observer.
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Though Type III landmarks may collect accurate data in a two dimensional situation, in
three dimensions, their error is more obvious, and may erroneously affect the results of a
statistical analysis. For example, in two dimensions the measurement for the greatest length of a
cranium will have a small range of error because a single number is produced that represents the
greatest length of the cranium. However, in three dimensions, this measurement becomes more
than just the greatest length of the cranium, because it is digitally recorded as two landmarks. For
example, the greatest length of the cranium is taken by setting a pair of spreading calipers on the
anterior projection of the frontal bone, the landmark glabella, and finding the greatest distance to
the posterior of the cranium on the occipital bone, which becomes the landmark opisthion.
Opisthocranion is recorded in cartesian coordinates as a single landmark, even though there may
have been a slightly wider area that could have produced the same greatest length. The problem
with this is that the same precise point of the landmark opisthocranion can not be easily
replicated as it is not meant to be a precise point and is therefore highly subjective. This in turn is
critical in a Cartesian coordinate system because opisthocranion is preserved as a landmark
relative to all the other landmarks. There may be a significant area of the posterior crania that
could be represented by opisthocranion, and the question is if a point 2mm away was chosen,
how would that change the statistical outcome? It is unclear the degree of error involved with
these types of landmarks, and multiple factors, including the contours of the cranium may be
involved.
Errors in Fossil Casts

Casts of the Neanderthal and early Homo sapiens samples

were digitized in these analyses. Some error may be attributed to the casts, but they should not
affect the outcome of the analyses. A degree of warping and shrinkage may be attributed to
casting materials (resin, plastic and plaster casts), but both should be at a minimal level that
likely does not affect the data. If significant shrinkage existed in a consistent pattern, its effect
would not be very profound considering size was eliminated as a variable through the
generalized procrustes analysis. It is possible that the casting material warped as it set, or warped
over time, but it must also be noted that crania in general may also be subjected to warping, and
that neither should significantly affect this analysis unless the warping was visually apparent. If a
cast was warped or if the integrity of the cast had been compromised, then the cast would not
have been chosen as a sample in this analysis.
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Another factor involved with casts of fossils is the reconstruction of the initial fossil that
the cast was made from. The original fragmentary fossil was likely reconstructed by a trained
individual in the past that you must trust did an accurate reconstruction. In addition to the
reconstruction process, the initial state of the fossil fragments may have been warped as well.
Fragmentary pieces of bone tend to have a higher degree of warping because they have more
surface area, and their original context is displaced.

Errors in Samples
Sample Size

The sample sizes used for these analyses ranged from four individual

crania to fourteen crania. The alpha triangulation analysis has a smaller sample size relative to
the cranial vault analysis, with the sample populations ranging from four to twelve individuals.
The Cranial Vault Analysis ranged in sample size from five individuals to fourteen. Sample bias
generally occurs more frequently with smaller samples, because they are less likely to accurately
represent the entire population from which they came. The issue of sample bias is common with
analyses involving fossil samples, as fossils are rare, fragmentary and fragile. In order to lessen
this bias, all populations represented in each analysis were limited in sample size so as not to
overwhelm the small sample size of the Neanderthals. However, though this may weigh the
samples more equally, it does not solve the issues underlying sample size bias. There is no
tangible way to solve this issue besides increasing sample size, which is not possible with
Neanderthal crania due to the inherent nature of fossils.
Sample Type It is imperative to include as many samples in a statistical analysis as
possible and it is just as important to accurately portray the morphological variation within each
group. The lack of homogeneity within a sample can greatly affect the results of an analysis. The
early Homo sapiens sample and the Neanderthal sample differ from the modern Homo sapiens
samples involved in the analyses because of geographic, temporal and cultural ambiguity. The
modern Homo sapiens samples represent populations that existed within a certain time frame
(within a few hundred years), within a specific geographic area, and likely shared a similar
culture (as inferred by geographic and temporal proximity). However, the early Homo sapiens
and Neanderthal samples represent thousands of years, a large geographic area, and vague, if any
cultural continuity within each sample group.
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Sex

Sex was not taken into account in the preparation of samples for these analyses. It

is possible that the results of the analyses were impacted because sex was not taken into account,
but it is unlikely since generalized procrustes analysis removes size, which usually accounts for
most of the sexual dimorphism present. A few of the traits examined in the analyses are directly
associated with robust characteristics (e.g. supraorbital tori), and therefore may directly relate to
sex characteristics. The proportion of males to females was not controlled in any of the samples.
The selection of crania at the American Museum of Natural History ranged for different
populations; in the case of a large selection, the sample crania used for these analyses were
chosen at random. Some populations had very few crania to select from, and in these cases all of
the usable crania were employed.
The sex of Neanderthal fossil samples is difficult to determine due to the inherently
robust nature of the Neanderthals. The sex of some individual specimens is debated due to the
ambiguity of the fossil and its lack of context. If a Neanderthal sample exhibits gracile
characteristics it is not always clear whether the morphology should be attributed to the female
sex or if the gracile nature is related to the overall reduction of robust traits. Very few
Neanderthal fossils exist with an intact postcranial skeleton that has the possibility of validating
sex inferences.
The reduction of error is critical to any analysis as the outcome of the analysis directly
reflects the error inherent in the data. This issue complicates the analysis process as well as the
interpretation of the results. The errors inherent in the data can be difficult to detect in the initial
stages, and that is why it is so important to reflect upon the discrepancies and critical issues in
order to learn from them for future research. As anthropology advances as a discipline and
adopts new techniques along the way, this process becomes an important step in the overall
growth and understanding of the subject material.
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VI. CONCLUSION

The purpose of this research was to examine aspects of cranial morphology in select
Homo sapiens and Neanderthal population samples using three dimensional data collection and
analysis techniques in order to explore the morphological relationship between the populations.
The cranial morphology was assessed using a combination of geometric morphometrics and
standard multivariate statistical techniques. The three dimensional geometric morphometric
techniques preserved the cranial landmarks relative to one another in space and extracted the
variable of size, allowing for the concentration to be on shape differences. The multivariate
statistics were conducted on the fitted data results of the three dimensional geometric
morphometric techniques, and provided a quantitative means to interpret the underlying cranial
morphology.
The overall analyses produced mixed results; some were ambiguous and others were
congruent with the hypothesis that Neanderthals are out of the morphological range of modern
humans. The cranial vault analysis distinguished Neanderthals from both modern humans as well
as early modern humans. The alpha triangulation analysis, on the other hand, produced relatively
ambiguous results. This suggests that the area of the cranium involved in these analyses correlate
with the results of each analysis. In this case, the landmarks in the alpha triangulation analysis
did not represent a distinct enough area of the cranium for studying differential cranial
morphology among these populations.
The definitions for certain populations and separate species are essential to the
Neanderthal issue and this area of research. Definitions of groups are difficult, especially in
terms of morphology, because they may not always be exclusive. Living organisms constantly
evolve and interact with other organisms as well as their environment, which impacts their
morphology and genetic makeup. The morphological difference between species does not
necessarily parallel the genetic distance. Some organisms may appear to be very different, but
are genetically similar, while other organisms may appear very similar, but are genetically
distant. It is debated whether Neanderthals are within the Homo sapiens species and designated
as a subspecies (Homo sapiens neanderthalensis), or reproductively separate, and make up an
entirely different species (Homo neanderthalensis). The species concept is interesting in the
perspective of time, as a true species can only exist at a certain point in time.
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The statistical evaluations of any analysis provide some information on the Neanderthal
issue, but the statistical results must not be used exclusively in the interpretation of these
analyses. There are several factors that must be examined in order to establish the relevance and
meaning inherent in the statistical results of an analysis. The various discrepancies of any
experiment must be accounted for, so that the information produced and interpreted is
accompanied with information on the biases involved. The selection of data and samples is a
crucial aspect of any analysis; the inclusion and exclusion of certain samples directly affect the
overall results.
The fossil record is the only source of information that sheds light on the morphological
similarities between Neanderthals and Homo sapiens, but the fragmentary nature of fossils as
entities and the limited number of fossils throughout time, makes this difficult to assess. The
rarity of Neanderthal fossils creates many gaps in the fossil record, which leaves room for many
possible theories. In terms of the Neanderthal question, information is most needed for the late
Pleistocene, when it is postulated that Neanderthals coexisted in the same geographical areas and
during the same time period as Homo sapiens. If Neanderthals adopted aspects of Homo sapiens
culture, it is possible that Neanderthal morphology may have altered. This is possible whether or
not Neanderthals and Homo sapiens interbred. There are many morphological factors that could
be altered and reduced by cultural and environmental changes. It is commonly assumed that the
robust morphology evident in the ‘classic Neanderthal’ is related to cold climate adaptation.
During this critical time period in the late Pleistocene, the climate is in a warming transition, and
the most recent Neanderthal fossils were found in relatively warmer areas in the Middle East.
Even if the environmental conditions were not a factor, and cultural innovations had an effect
instead, the same morphological changes could have occurred. Hypothetically speaking, cultural
innovations such as clothing, efficient fires, and more stable shelters could all mimic the
outcome of warmer weather trends by reducing the stress of the cold. Such accommodations may
reduce the acquired cold climate adaptations evident in Neanderthals, and with the relaxation of
natural selection, a probable mutation effect is possible. This concept is critical for this time
period, as it may account for the ‘disappearance’ of Neanderthals. This concept is not testable,
however, due to the lack of fossil evidence and the great lapses in time between each fossil. But
theoretically, it is not necessary to have a selective adaptation directly associated with the
reduction of a cranial characteristic because it is possible for a population to evolve culturally or
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be effected by the environment, and loose the selective pressure associated with a cranial
characteristic, therefore reducing the cranial morphology connected to such an adaptation.
Neanderthal morphology is unique, and though the degree of uniqueness is arguable, the traits
remain evident in their morphology. The effect of natural selection on Neanderthal cranial
characteristics is essential to the overall morphological interpretation of these fossil crania.
Environmental and cultural factors have an effect on the morphology of any population and it is
imperative to consider these influences when interpreting morphology.
The information potential from DNA is exponential, but the process is still evolving, and
there are many discrepancies currently involved in the process that limit the conclusive use of
DNA. Many of the genetic studies in the past have concentrated on mitochondrial DNA, and are
based on assumptions concerning rates of mutation. As methods of DNA research evolve, there
will be considerably more information to accompany the morphologically based theories. The
combination of all of this research would alleviate many of the persistent problems, and in turn
create a more holistic view of hominid evolution.
In conclusion, the morphological degree of variation, exclusively, will never be able to
answer the Neanderthal question. Morphologically based research is limited to explaining the
differences and similarities inherent in forms, but cannot accurately define a species. Though
theories may be inferred from the information produced by extensive morphological research, a
conclusive concept could not be validated by this information alone. This limitation by no means
diminishes the value of morphological research, as it will remain valuable in addition to
advancements in DNA research. There is value in morphological comparisons beyond genetic
relationships, specifically in the balance between environment and genetics as well as the
constant evolution of our species.

79

VII. BIBLIOGRAPHY

Adcock, Dennis, Easteal, Huttley, Jermiin, Peacock and Thorne (2001) Mitochondrial DNA
Sequences in Ancient Australians: Implications for Modern Human Origins. Proceedings
of the National Academy of Sciences pf the United States of America, Vol. 98, No. 2,
537-542
Bass, W M (1995) Human Osteology: A Laboratory and Field Manual (3rd Edition). Columbia,
Missouri: Missouri Archeological Society
Bookstein, Fred L. (1996) Combining the Tools of Geometric Morphometrics, In: Advances in
Morphometrics. Marcus, L.F, Corti, M., Loy, A., Naylor, G.J.P., and Slice, D.E., Eds.,
Plenum Press: New York, pp. 131-152
Bookstein, F.L. (1991) Morphometric Tools for Landmark Data: Geometry and Biology.
Cambridge University Press, Cambridge.
Brace, Loring C. (1962) Refocusing on the Neaderthal Problem. American Anthropologist, Vol.
64, Pages 729-741
Brace, Loring C. (1963) Structural Reduction in Evolution. The American Naturalist. Vol.
XCVII, No. 892, Pages 39-49
Brace, Loring (1995) The Stages of Human Evolution (fifth edition). Prentice Hall New Jersey
Brace, Nelson & Seguchi (2001) University of Michigan Craniofacial Database: Variable
(Measurement) Definitions.
Buck, Trudi J. & Vidarsdottir, Una Strand (2004) A Proposed Method for the Identification of
Race in Sub-Adult Skeletons: A Geometric Morphometric Analysis of Mandibular
Morphology. Journal of Forensic Sciences, Nov. 2004, Vol. 49, No. 6
Burns, Karen Ramey (1999) Forensic Anthropology Training Manual. Prentice-Hall, Inc.: New
Jersey
Cann, Rebecca (1988) DNA and Human Origins. Annual Review of Anthropology, Vol. 17
(1988), 127-143
Chakraborty, Ranajit and Nei, Masatoshi (1977)Bottleneck Effects on Average Heterozygosity
and Genetic Distance with the Stepwise Mutation Model. Evolution, Vol. 31, No. 2, pp.
347-356
Churchill, Steven E. and Smith, Fred H. (2000) Makers of the Early Aurignacian of Europe.
Yearbook of Physical Anthropology, Volume 43, Pages 61-115

80

Conroy, Glenn (2005) Reconstructing Human Origins (Second Edition). W. W. Norton &
Company, Inc.: New York
Cracraft, Joel (1983) Species Concepts and Speciation Analysis. Current Ornithology, Vol. 1, p.
159-187
Frisancho, Roberto A. (1993) Human Adaptation and Accomodation. University of Michigan
Press
Gill, G.W. & Rhine, S. (1990) Skeletal Attributions of Race: Methods for Forensic
Anthropologists. Maxwell Museum of Anthropology; Albuquerque, NM
Gill, Hughes, Bennett & Gilbert (1988) Racial Identification from the Midfacial Skeleton with
Special Reference to American Indians and Whites. Journal of Forensic Sciences.
Volume 33, Issue 1, Pages 92-99
Hagelberg, Erika (2003) Recombination or Mutation Rate Heterogeneity? Implications for
Mitochondrial Eve. University of Oslo, Norway. Trends in Genetics Vol.19 No.2
February 2003. Elsevier Science Ltd.
Harding et al. (2000) Evidence for Variable Selective Pressures at MC1R. The American Journal
of Human Genetics, 66:1351-1361, 2000
Hardy, Pittman, Myers, Gwinn-Hardy, Fung, Silva, Hutton and Duckworth (2005) Evidence
Suggesting that Homo neanderthalensis Contributed the H2 MAPT Haplotype to Homo
sapiens. Biochemical Society Transactions, Vol. 33, part 4, pp. 582-585
Harvati Katerina (2001) Models of shape variation within and among species and the
Neanderthal taxonomic position: a 3-D geometric morphometric approach on temporal
bone morphology. Journal of Human Evolution, 40: 9-10.
Harvati, Katerina (2003a) Quantitative Analysis of Neanderthal Temporal Bone Morphology
Using Three-Dimensional Geometric Morphometrics. American Journal of Physical
Anthropology. Vol. 120, Pages 323-338
Harvati, Katerina (2003b) The Neanderthal Taxonomic Position: Models of Intra- and Interspecific Craniofacial Variation. Journal of Human Evolution. Vol. 44, Pages 107-132
Hennessy and Stringer (2002) Geometric Morphometric Study of the Regional Variation of
Modern Human Craniofacial Form. American Journal of Physical Anthropology 117:3748 (2002)
Howells, W. W. (1973) Cranial Variation in Man; A Study by Multivariate Analysis of Patterns
of Difference Among Human Populations. Papers of the Peabody Museum, Harvard
University Press: Cambridge, MA. v. 67

81

Jelinek, Jan (1969) Neanderthal Man and Homo Sapiens in Central and Eastern Europe. Current
Anthropology, Vol. 10, No. 5 (Dec., 1969), 475-503
Kimura, Motoo (1979) The Neutral Theory of Molecular Evolution. Scientific America, Nov.
241(5):98-100
Klein, Richard G. (1999) The Human Career: Human Biological and Cultural Origins (Second
Edition). The University of Chicago Press: Chicago, Illinois
Larsen, Matter & Gebo (1991) Human Origins: The Fossil Record (2nd Edition). Waveland Press,
Inc.: Illinois
Lewin, Roger (1998) Principals of Human Evolution; A Core Textbook. Blackwell Science, Inc.
Lieberman, D.E., Brandeis, M.M. & Krovitz, G. (2002) The Evolution and Development of
Cranial form in Homo saspiens. PNAS, February 5, 2002, Vol. 99, No. 3, p.1134-1139
Marcus, Corti, Loy, Naylor & Slice (Eds.) (1996) Advances in Morphometrics. Plenum Press:
New York & London
Manzi, Saracino, Bruner and Passarello (2000) Geometric Morphometric Analysis of MidSagittal Cranial Profiles in Neandertals, Modern Humans, and Their Ancestors. Rivista di
Antropologia. (Roma), Vol. 78, pp.193-204
Mayr, Ernst (1963) Animal Species and Evolution. Cambridge, Mass.: Harvard University Press
Mayr, Ernst (1970) Populations, Species and Evolution. Cambridge: Harvard University Press
Mayr, Ernst (1976) Evolution and the Diversity of Life. Cambridge: Harvard University Press
McKeown, Ashley H. (2000) Investigating Variation Among Arikara Crania Using Geometric
Morphometry. Unpublished PhD Dissertation: University of Tennessee
Mckeown, Ashley H. & Jantz, Richard L. (2005) Comparison of Coordinate and Craniometric
Data for Biological Distance Studies. In: Slice, Dennis E. (Ed.) Modern Morphometrics
in Physical Anthropology. Kluwer Academic/Plenum Publishers: New York. Chapter
Nine, pp. 215-230.
Molnar, Stephen (2002) Human Variation; Races, Types and Ethnic Groups (Fifth Edition).
Prentice Hall: New Jersey
Ogilvie, MD, Curran, BK and Trinkaus, E (1989) Incidence and Patterning of Dental Enamel
Hypoplasia Among the Neandertals. American Journal of Physical Anthropology 79(1):
25-41

82

O’Higgins, Paul & Vidarsdottir, Una Strand (1999) New Approaches to the Quantitative
Analysis of Craniofacial Growth and Variation. In: Human Growth in the Past: Studies
from Bones and Teeth. Hoppa, Robert D. & Fitzgerald, Charles M. (Eds.) Cambridge
University Press: United Kingdom. Pages 128-160
Ousley, Stephen D. & McKeown, Ashley H. (2001) Three Dimensional Digitizing of Human
Skulls as an Archival Procedure. In: Human Remains: Conservation, Retrieval and
Analysis, E. Williams, ed., BAR International Series 934, Archaeopress, Oxford, UK, pp.
173-184
Reitz, Elizabeth Jean (1999) Zooarchaeology. New York: Cambridge University Press
Relethford, John H (1994) Craniometric Variation Among Modern Human Populations.
American Journal of Physical Anthropology 95:53-62 (1994)
Relethford, John H. (2001) Genetics and the Search for Modern Human Origins.
Wiley-Liss, Inc.: New York
Relethford, John H. (2003) Reflections of Our Past: How Human History is Revealed in Our
Genes. Westview Press: Boulder, Colorado
Richtsmeier, J.T., Deleon, V.B., Lele, S.R. (2002) The Promise of Geometric Morphometrics.
Yearbook of Physical Anthropology 45:63-91
Rohlf, James F. (1996) Morphometric Spaces, Shape Components and the Effects of Linear
Transformations. In: Marcus, Corti, Loy, Naylor & Slice (Eds.). Advances in
Morphometrics. NATO ASI Series. Plenum Press: New York & London. Pages 117-130
Slice, Dennis E. (1996) Three-Dimensional Generalized Resistance Fitting and the Comparison
of Least-Squares and Resistance-Fit Residuals. In: Advances in Morphometrics. Marcus, L.F,
Corti, M., Loy, A., Naylor, G.J.P., and Slice, D.E., Eds., Plenum Press: New York, Pages
179-199
Slice, Dennis E. (2001) Landmark Coordinates Aligned by Procrustes Analysis Do Not Lie in
Kendall’s Shape Space. Syst. Biol. 50(1): 141-149
Slice, Dennis E. (2005) Modern Morphometrics. In: Modern Morphometrics in Physical
Anthropology. Slice, D.E., Ed., Kluwer Academic/Plenum Publishers: New York. Chapter 1,
pp. 1-46.
Smith, Fred (1982) Upper Pleistocene Hominid Evolution in South-Central Europe: A Review of
the Evidence and Analysis of Trends. Current Anthropology, Vol. 23, No. 6 (Dec., 1982),
667-703
Smith, Simek & Harrill (1989) Geographic Variation in Supraorbital Torus Reduction During the
Later Pleistocene (c. 80,000-15,000 BP). In: Mellars & Stringer (Eds.). The Human

83

Revolution: Behavioural and Biological Perspectives on the Origins of Modern Humans.
Princeton University Press: New Jersey. Pages 172-193
Stoneking, Mark and Cann, Rebecca L. (1989) African Origins of Human Mitochondrial DNA.
In: Mellers & Stringer (Eds.). The Human Revolution: Behavioural and Biological
Perspectives on the Origins of Modern Humans. Princeton University Press: New Jersey
Stringer, Christopher B. (1990) The Emergence of Modern Humans. Scientific American
263(6):98-104
Stringer, Chris (1998) Chronological and Biogeographic Perspectives on Later Human
Evolution. In: Akazawa, Aoki & Bar-Yosef (Eds.). Neanderthals and Modern Humans in
Western Asia. Plenum Press: New York, pp. 29-37
Tappen, N.C. (1985) The Dentition of the “Old Man” of La Chapelle-aux-Saints and Inferences
Concerning Neanderthal Behavior. American Journal of Physical Anthropology 67:43-50
Tattersal, Ian (1995) The Fossil Trail: How We Know What We Think We Know About Human
Evolution. Oxford University Press
Tattersall, I., Delson, E. and Van Couvering, J. (Eds.) (1988) Encyclopedia of Human Evolution
and Prehistory. Garland Publishing: New York
Templeton, Alan R. (1993) The “Eve” Hypothesis: A Genetic Critique and Reanalysis. American
Anthropologist, Vol. 95, Pages 51-72
Templeton, Alan R. (1994) “Eve”: Hypothesis Compatability versus Hypothesis Testing.
American Anthropologist, Vol. 96, Pages 141-147, Commentaries
Templeton, A. R. (1996) Gene Lineages and Human Evolution. Science 272:1363
Trinkaus, Erik (1983) The Shanidar Neanderthals. Academic Press: New York
Trinkaus, Erik (1986) The Neanderthals and Modern Human Origins. Annual Review of
Anthropology 15:193-218
Trinkaus, Eric (1989a)Issues Concerning Human Emergence in the Later Pleistocene. From The
Emergence of Modern Humans. Trinkaus, Eric (ed.). New York: Cambridge University
Press. pp. 1-17
Trinkaus, Erik (1989b) The Upper Pliestocene Transition. In Erik Trinkaus (ed.), The
Emergence of Modern Humans: Biocultural Adaptations in the Early Pleistocene. New
York: Cambridge University Press, pp. 42-66
Trinkaus, Erik (2007) European Early Modern Humans and the Fate of the Neanderthals.
Proceedings of the National Academy of Sciences, Vol. 104, No. 18, Pages 7367-7372

84

Trinkaus, Erik & Shipman, Pat (1992) The Neandertals: Changing the Image of Mankind. New
York: Alfred A. Knopf.
Turbon, Perez-Perez & Stringer (1997) A Multivariate analysis of Pleistocene Hominids: Testing
Hypotheses of European Origins. Journal of Human Evolution (1997) 32, 449-468
Van Vark, G.N., Schaafsma, W. (1992) Advances in the Qualitative Analysis of Skeletal
Morphology. In: Skeletal Biology of Past Peoples: Research Methods. Saunders, S.R. &
Katzenberg, M.A., Eds., Wiley-Liss, Inc.: New York, pp. 225-257
White & Folkens (2000) Human Osteology (2nd edition). Academic Press
Wolpoff, Milford (1999) Paleoanthropology (2nd Edition). McGraw-Hill Publishing
Wolpoff, Thorne, Smith, Frayer & Pope (1994) Multiregional Evolution: A World-Wide Source
for Modern Human Populations. In: Nitecki, M.H. & Nitecki, D.V. (Eds.). Origins of
Anatomically Modern Humans. Plenum Press: New York
Wolpoff and Caspari (1997) Race and Human Evolution. Simon and Schuster: NY
Xiong, Li, Posner, Yamamura, Yamamoto, Gotto and Chan (1991) No Severe Bottleneck during
Human Evolution: Evidence from Two Apolipoprotein C-II Deficiency Alleles.
American Journal of Human Genetics. 48:383-389
Yaroch, Lucia Allen (1996) Shape Analysis using the Thin-Plate Spline: Neanderthal Cranial
Shape as an Example. Yearbook of Physical Anthropology
Zelditch, Miriam L., Swiderski, Donald L., Sheets, David H. and Fink, William L. (2004)
Geometric Morphometrics for Biologists: A Primer. Elsevier Academic Press: California

85

